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Integrating psychosocial stress into children’s molecular epidemiology research: 
An investigation of flame retardants, telomeres and neuroendocrine development 
 
Whitney J. Cowell 
 
Background & Objectives: This dissertation is comprised of two independent projects that seek 
to answer the research questions outlined in Aims 1 and 2. The first project is focused on 
measuring exposure to polybrominated diphenyl ethers (PBDE) throughout the early lifecourse, 
as well as investigating how exposure at different developmental periods relates to 
neuroendocrine endpoints. PBDEs are flame retardant chemicals that were used extensively in 
furniture and furnishings sold throughout the United States until their phase-out in 2004. Human 
exposure occurs primarily through incidental ingestion of PBDE-contaminated dust present in 
the indoor environment. The second project aimed to characterize telomere dynamics in 
maternal-child pairs and to evaluate associations between telomere dynamics and indicators of 
stress and stressful conditions. Telomeres are non-coding nucleotide repeats located at 
chromosome ends; they serve several functions, such as buffering against loss of important 
protein coding DNA regions during cell division. Both projects are focused on exposure-
response relationships during early life and a central theme throughout this dissertation relates to 
the intersection of date, time and age in longitudinal cohort studies. Finally, the third aim seeks 
to integrate findings from Projects I and II and is focused on investigating whether telomere 
dynamics can be used as a biological indictor of stress in epidemiological research examining 
associations between low-level environmental chemical exposures and neurodevelopmental 
endpoints.  
 
Methods: Both projects were conducted using data and samples collected as part of the 
Columbia Center for Children’s Environmental Health (CCCEH) Mothers and Newborns study. 
In Project I, PBDEs were measured by the Centers for Disease Control and Prevention (CDC) 
using gas chromatography-mass spectrometry (GC-MS) in plasma samples collected repeatedly 
between birth and age 9 years. We examined determinants of 1) prenatal exposure to PBDEs 
(Chapter 2), and 2) trajectories of PBDE exposure over childhood, which we estimated using 
latent class growth analysis (LCGA) (Chapter 3). We also examined PBDE trajectories in 
relation to performance on tests of visual, verbal and working memory among early adolescents 
(Chapter 4) and investigated associations between prenatal exposure to PBDEs and thyroid 
hormone parameters, which were measured by radioimmunoassay in plasma samples collected at 
multiple ages (Chapter 5). In Project II, we used monochrome multiplex quantitative polymerase 
chain reaction (MMqPCR) to measure relative leukocyte telomere length (rLTL) in samples 
collected from mothers and newborns (umbilical cord blood) at the child’s delivery and from 
children at ages 2, 3, 5, 7 and 9-years (Chapter 6). We aimed to characterize rLTL dynamics over 
early life, examine the correlation between paired maternal-newborn rLTL, and examine 
associations between rLTL with measures of financial strain, perceived stress and maternal 
distress. 
 
Results: In Project I, we detected PBDEs in over 80% of cord blood samples and in 
multivariable models, sociodemographic and lifestyle factors explained 12% of cord blood 
PBDE variability. The largest determinant of exposure was ethnicity, with Dominican newborns 
having lower exposure compared to African American newborns, likely due to the reduced 
amount of time Dominican mothers had spent in the United States when they gave birth to the 
study child. Across postnatal life (2000 to 2013), PBDE concentrations in child blood decreased 
by approximately 12% per year, suggesting that exposure has continually declined since the 
PBDE phase-out in 2004. Trajectory analyses revealed several unique patterns of PBDE 
exposure over the early lifecourse, with the majority of children characterized by exposure that 
was persistently low or that peaked during toddler years. Smaller groups of children were 
characterized by exposure that was highest during the prenatal period and decreased after birth or 
by a pattern of high exposure during toddler years that remained elevated into middle childhood. 
We identified several important predictors of childhood PBDE exposure patterns, including 
modifiable factors, such as cleaning behaviors. In relation to neurodevelopmental outcomes, we 
found that children with sustained high exposure to PBDEs scored approximately 5-8 points 
lower on tests of visual memory. Associations between prenatal exposure and working memory 
significantly varied by sex, with inverse associations (approximately 8 points lower) observed 
only among girls. Children with PBDE plasma concentrations that peaked during toddler years 
performed better on verbal domains, however, these associations were significant only among 
children breastfed for more than 12 weeks. Finally, in relation to thyroid hormone levels, 
children with BDE-47 concentrations in the third and fourth quartiles of the exposure distribution 
(versus first quartile) had significantly lower TSH and free T4 levels, respectively. We did not 
detect associations between BDE-47 and total T4 levels; likewise, we did not detect associations 
between other pentaBDE congeners and any thyroid parameter.  
 
In Project II, we found that maternal-newborn rLTL in paired samples was moderately correlated 
and that maternal rLTL at delivery explained 8% of the variability (R2) in newborn rLTL. In 
relation to measures of hardship, perceived stress and demoralization, we found an inverse, albeit 
not statistically significant, association between maternal perceived stress and newborn rLTL. 
We did not detect an association with maternal rLTL, nor did we detect associations between 
material hardship or demoralization and maternal or newborn rLTL. When examining rLTL in 
child blood samples collected between birth and age 9 years, we observed a U-shaped pattern 
characterized by rapid shortening of rLTL between birth and 2 years, followed by gradual 
lengthening between ages 3 and 9 years. It remains unresolved whether this pattern reflects a true 
biological phenomenon or if it is an artifact of measurement error introduced by analytic or pre-
analytic conditions. 
  
Conclusions: Despite the phase-out of PBDEs in 2004, exposure among children residing in 
New York City remained nearly ubiquitous through 2013, however, concentrations did decline 
over time. Our finding of several PBDE trajectories suggests that, despite the relatively long 
half-lives of PBDEs, a single measure may not accurately reflect exposure throughout childhood. 
Our findings of reduced scores on tests of working and visual memory during the prenatal and 
postnatal periods, respectively, support a growing body of literature linking early life PBDE 
exposure to disrupted neurodevelopment. The results of our analysis examining thyroid hormone 
disruption during childhood revealed a pattern consistent with hypothalamic or pituitary-level 
disruption during prenatal programming of the thyroid regulatory system. This is the first study 
to examine prenatal PBDE exposure in relation to childhood thyroid hormone levels, therefore, it 
is important that this finding is replicated by future research. Our finding of an inverse 
association between newborn rLTL and maternal perceived stress is consistent with results from 
previous research and suggests that the developing fetus may be sensitive to maternal stress 
perception during pregnancy, however, additional research is needed to more fully understand 
the mechanisms through which this transmission occurs. Our finding of increasing telomere 
length between toddler years and middle childhood is unexpected and raises questions about the 
suitability of the qPCR assay for analyzing telomere length in archived samples. Additional 
analyses are needed to determine whether the observed patterns reflect true biological changes or 
relate to measurement error introduced during sample processing, storage or analysis. Given 
these outstanding issues, we were ultimately unable to draw conclusions about the usefulness of 
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Experimental research provides convincing evidence that stress may modify susceptibility to 
developmental neurotoxicants through multiple biological mechanisms (Hougaard and Hansen 
2007). Findings from studies spanning species and life stages support a model in which chronic 
exposure to stress leads to disrupted internal equilibriums, thereby enhancing normal age-related 
‘wear and tear’ on the body and ultimately augmenting an individual’s vulnerability to 
concurrent or subsequent external exposures (Bellinger 2000; McEwen and Tucker 2011; Weiss 
and Bellinger 2006; Wright 2009).  A decade ago, the Environmental Protection Agency (EPA) 
began emphasizing the importance of integrating susceptibility into standard risk assessment 
approaches (EPA 2007) and recently the National Institute of Environmental Health Science 
(NIEHS) identified the interaction between chemical and non-chemical stressors as a priority 
area in the field of environmental health (NIEHS 2017). Despite these calls to action, the 
majority of environmental epidemiology research continues to investigate main effects 
associated with individual chemical exposures, likely due in part to the challenges associated 
with identifying and measuring the salient aspects of our social environment. For example, while 
the exposure sciences have excelled at developing biomarkers for measuring cellular and 
systemic indicators of exposure to environmental chemicals, few biological markers of the 
cumulative physiological effects of stress on the body exist. Over the past decade, research has 
emerged suggesting that telomeres, which are non-coding nucleotide repeats that cap 
chromosome ends, may serve as an indicator of cellular ‘wear and tear’, potentially providing a 
tangible and objective measure for integrating stress into environmental epidemiology research. 
Importantly, the majority of current research investigating associations between stress – or stress 




designs, small sample sizes and investigation of adult populations (Coimbra et al. 2017; Hanssen 
et al. 2017; Li et al. 2017; Oliveira et al. 2016; Ridout et al. 2017; Shalev 2012). The overarching 
goal of the research presented in this dissertation was to determine whether early life telomere 
dynamics can serve as a cellular indicator of cumulative ‘wear and tear’ and, in turn, 
susceptibility to the adverse effects of concurrent or subsequent exposure to developmental 
neurotoxicants.  
 
Chapter 1 reviews recent research and putative mechanisms underlying the interaction between 
psychosocial stressors and environmental neurotoxicants and serves as a ‘proof of concept’ that 
supports the overarching aim of this dissertation. The remaining chapters present the results of 
original research, which was conducted in the form of two independent projects (Project I and II) 
and is presented as several self-contained papers. The first four studies (Project I), make up 
Chapters 2-5, and are focused on evaluating time-trends, developmental patterns and 
determinants of polybrominated diphenyl ether (PBDE) exposure, as well as assessing PBDEs in 
relation to thyroid hormone parameters and neurocognitive outcomes (Aim 1). In the United 
States, PBDEs were used as flame retardants in household consumer products manufactured 
between 1975 and 2013 (Abbasi et al. 2015), resulting in nearly ubiquitus human exposure 
(Lorber 2008). PBDEs structurally resemble several legacy pollutants with known human 
toxicity, including polychlorinated biphenyls (PCBs), and have been classified as developmental 
neurotoxicants and endocrine disrupting chemicals (Linares et al. 2015). Project II is presented in 
Chapter 6 and further discussed in the concluding chapter on future directions. This work is 




associations between several dimensions of stress and telomere length measured in maternal and 
cord blood samples collected at delivery (Aim 2). 
 
The introduction provides an overview of the study population, presents a brief review of 
published literature, highlights key methodological issues relevant to Projects I and II, and 
presents a Statement of Hypotheses. Detailed background and methodological information, as 
well as findings specific to each of the self-contained studies is provided within each chapter. In 
addition to the self-contained studies, challenges associated with completing Aim 3, which 
sought to integrate Projects I and II by examining whether associations between PBDE exposure 




STATEMENT OF HYPOTHESES 
Aim 1. Estimate trajectories of early life PBDE exposure and assess how exposure relates to 
thyroid hormone levels and child memory outcomes. 
• Hypothesis 1.1: PBDEs will be detectable in the majority of samples and exposure will peak 
during early childhood. 
• Hypothesis 1.2: Higher prenatal and postnatal PBDE exposure will be associated with 
lower memory scores among children.  
• Hypothesis 1.3: Controlling for postnatal PBDE exposure, prenatal PBDE exposure will 
be associated with decreased T4 and increased TSH levels. 
Aim 2. Characterize the association between objective, perceptive and emotional dimensions of 
stress on telomere dynamics during early life.  
• Hypothesis 2.1: Telomere length at birth and rate of erosion will vary among children. 
• Hypothesis 2.2: Variation in telomere length at birth will be associated with maternal 
experiences of stress and stressful conditions reported during pregnancy; greater stress 
will be associated with shorter telomere length at birth. 
• Hypothesis 2.3: Variation in rate of telomere erosion during childhood will be associated 
with maternal and child experiences of stress and stressful conditions experienced during 
early life; greater stress will be associated with accelerated erosion during childhood. 
Aim 3. Determine if early life telomere dynamics can serve as an indicator of susceptibility to 
the adverse effects of concurrent or subsequent neurotoxicant exposure.  
• Hypothesis 3.1: The effect of PBDEs on cognitive outcomes will be greatest among 





OVERVIEW OF THE STUDY POPULATION 
The research presented in this dissertation was conducted using samples and data collected from 
727 maternal-child pairs enrolled in the Columbia Center for Children’s Environmental Health 
(CCCEH) Mothers and Newborns birth cohort. Healthy, pregnant women were recruited from 
two prenatal clinics in Northern Manhattan between 1998 and 2006. The cohort has been 
followed since 1998 by a team of research workers trained in administering questionnaires, 
conducting neurodevelopmental assessments and collecting biological samples. As illustrated by 
Figure 1, this dissertation includes data and samples collected during pregnancy, at birth, and at 
ages 2, 3, 5, 7, 9, 11 and 14 year visits; given the multi-year enrollment design, the year of study 
visit ranges from 1998 to 2015.  
 
Figure 1. Overview of the CCCEH data and samples analyzed in this dissertation.  
 
 
Legend: CMS: Children’s Memory Scales (standardized neurodevelopment test) 
 
At the time of enrollment, the study population was 35% African American and 65% Dominican. 
On average, mothers were 25 years old, 36% had less than a high school education, and 
approximately 60% reported an annual household income less than or equal to $20,000. 




BACKGROUND FOR PROJECT I: PBDE EXPOSURE OVER THE EARLY LIFECOURSE IN 
RELATION TO NEUROENDOCRINE OUTCOMES  
 
History of PBDE use in the United States 
In 1970, approximately 37% of adults smoked cigarettes and household fires attributable to 
ignition of upholstered furniture from improperly extinguished cigarettes was cited as the leading 
cause of fire-related deaths in the United States (Callahan et al. 2012). In response to these 
statistics, the state of California initiated legislation requiring that companies manufacture self-
extinguishing cigarettes. In turn, the tobacco industry lobbied against the proposed legislation, 
while simultaneously promoting the passage of fire safety standards that would require the use of 
flame retardant chemicals in household consumer products (Callahan et al. 2012). In 1975, five 
years after the initial fire-safe cigarette proposal, California passed Technical Bulletin 117 (Cal-
117), which required all components of upholstered furniture to comply with an ‘open flame’ test 
before entering state commerce (Cal-117 1975). It was effectively impossible to pass this 
standard without the use of added flame retardant chemicals, and because the majority of 
furniture in the United States is sold at the national (versus state) level, Cal-117 became a de 
facto national fire safety standard.  
 
Overview of PBDE properties, sources, exposure pathways & health outcomes 
PBDEs were the primary flame retardant chemical used to meet Cal-117. This class of chemicals 
consists of 209 organohalogenated congeners that vary in the number and position of bromine 
atoms around a diphenyl ether backbone (Bergman et al. 2012). Commercially, PBDEs were 
marketed as three technical mixtures referred to as pentaBDE, octaBDE and decaBDE, each of 




BDE-99, BDE-100, and BDE-153, which are the predominant congeners in the pentaBDE 
formulation (Talsness 2008). Figure 2 presents the chemical structures of these four congeners. 
    
 
 
Figure 2: Chemical structures of four PBDE congeners of interest 
 
Extensive background information on PBDE sources, exposure pathways, body burdens, and 
health endpoints is presented in Chapters 2-5. Briefly, pentaBDE was primarily applied to 
furniture and other furnishings containing polyurethane foam, with an estimated 46,000 tons 
used in North America between 1975 and 2004 (Abbasi et al. 2015). Human exposure occurs 
primarily through incidental ingestion of household dust.  
 
Rodent studies indicate that when PBDEs are administered by gavage, 70-85% [pentaBDE 
congeners] is absorbed and distributed widely throughout the body (ATSDR 2017). Owing to 
their lipophilic properties, PBDEs accumulate in adipose tissue (ATSDR 2017), cross the 
placenta (Dassanayake et al. 2009) and partition into breast milk (Fang et al. 2015). PentaBDE 
congeners are biotransformed into several mono- and di-hydroxylated metabolites, likely through 




elimination half-lives are estimated to range from 1.6 years (BDE-99) to 6.5 years (BDE-153) 
(Geyer et al. 2004), however, little is known about the kinetics of PBDE uptake, body burden, or 
elimination in children (Gyalpo et al. 2015).  
 
Animal and human research provides evidence that prenatal and childhood exposure to PBDEs is 
associated with multiple health effects (Linares et al. 2015), including disrupted neurocognitive 
development (Roth and Wilks 2014). A recent systematic review and meta-analysis concluded 
that there is sufficient evidence of moderate quality to support an association between 
developmental (in-utero, perinatal, childhood) exposure to PBDEs and impaired intellectual 
functioning. Specifically, the authors estimated a 10-fold increase in exposure to be associated 
with a loss of 3.7 intelligence quotient (IQ) points (Lam et al. 2017). Likewise, studies conducted 
in rodents provide evidence of an inverse associations between PBDE exposure and performance 
on tests of memory and learning (Driscoll et al. 2009; Dufault et al. 2005; Viberg et al. 2003; 
Viberg et al. 2006).  
 
As illustrated by Figure 3, PBDEs and their hydroxylated metabolites structurally resemble the 
thyroid hormones thyroxine (T4) and triiodothyronine (T3), which play critical roles during brain 
development (Mary and Zoeller 2010).  
 




Inadequate T4 during the first trimester, when the developing fetus is completely dependent on 
maternal thyroid hormones (Williams 2008), is associated with impaired visual processing and 
memory deficits (Zoeller and Rovet 2004). Likewise, deficiency during later pregnancy and 
infancy is associated with impaired language skills and verbal memory (Zoeller and Rovet 2004). 
The structural similarity between PBDE metabolites and thyroid hormones has prompted 
researchers to investigate whether thyroid hormone disruption serves as a mechanism through 
which PBDEs exert their neurotoxic effects. Experimental research has consistently documented 
an inverse association between prenatal exposure to pentaBDE congeners and T4 levels in fetal 
and adult rats (Costa et al. 2014) and lambs (Abdelouahab et al. 2009), however, results from 
prospective birth cohorts have been inconsistent. In the largest human study (n=380), cord blood 
PBDE concentrations were associated with decreased total T3 and T4, but increased free (not 
protein bound) T3 and T4 (Abdelouahab et al. 2013). Smaller studies have detected a mix of 
results including decreased total T4 and TSH (Chevrier et al. 2010; Vuong et al. 2015), increased 
T4 and TSH (Stapleton et al. 2011), increased T4 and decreased TSH (Vuong et al. 2015), and 
decreased TSH with no change in T4 (Herbstman et al. 2008). Importantly, due to normal 
fluctuations in thyroid hormones that occur during pregnancy and parturition, a major limitation 
of these studies is the measurement of thyroid hormone levels in blood collected during these 
periods.  
 
Putative mechanisms underlying the findings observed in animal studies include PBDE-induced 
upregulation of T4 metabolism and excretion, interference with thyroid transport systems, and 
interaction with thyroid receptors (Costa et al. 2014). Additionally, fetal exposure to 




programming of the hypothalamic-pituitary-thyroid (HPT) axis, which regulates circulating 
thyroid hormone levels through a negative feedback mechanism (Fisher and Klein 1981). 
Therefore, it is possible that direct fetal exposure to PBDEs, or fetal exposure to PBDE-related 
reductions in maternal thyroid hormone levels, may disrupt prenatal setting of this regulatory 
system (Cavaliere et al. 1985).  
 
Owing to mounting health concerns, as well as evidence indicating PBDEs are resistant to 
environmental degradation and capable of long-range transport in the environment (Carlsson et 
al. 2011), pentaBDE was phased-out of United States commerce in 2004 and added to the 
Stockholm Convention’s list of persistent organic pollutants (POPs) in 2009 (UNEP 2012). Most 
recently, California amended its flame retardant standard from an open flame test to a smolder 
test, which can be passed without the use of added flame retardant chemicals (Cal-117 2013). 
Despite these regulatory changes, human exposure is expected to continue for decades due to the 
continued release of PBDEs from household products that are infrequently replaced.  
 
Methods of PBDE measurement 
Given the relatively long half-lives of PBDEs (1.5-6.5 years), serum and plasma PBDE 
concentrations are an established and reliable biomarker of exposure (EPA 2010). Blood PBDE 
concentrations are typically measured by gas chromatography isotope dilution high-resolution 
mass spectrometry; the Centers for Disease Control and Prevention’s (CDC) Persistent Organic 
Pollutants (POP) laboratory, which analyzed all samples in this dissertation, has extensive 





PBDEs partition into blood lipids, which vary postprandially. The majority of large 
epidemiologic studies, especially those involving pregnant women and children, are not able to 
collect fasting blood samples for feasibility reasons. As an alternative, variation in blood lipid 
levels is typically controlled for by standardization (i.e. ng PBDE/g lipid) or lipid adjustment. A 
recent study that used directed acyclic graph (DAG) theory to investigate bias introduced by 
various lipid control approaches concluded that lipid standardization or standardization plus 
adjustment performed better than adjustment alone (O'Brien et al. 2016). Based on these 
findings, we report PBDE concentrations on a lipid-standardized basis throughout this 
dissertation and perform sensitivity analyses adjusting for lipid concentrations as a covariate 
when relevant.  
 
Due to the large amount of blood required to measure phospholipids and free cholesterol, it is 
common for researchers studying POPs to estimate total blood lipid (TL) levels from measured 
concentrations of total cholesterol (TC) and total triglycerides (TG) using a standard summation 
equation (TLadult = 2.27 × TC + TG + 0.623, in grams/liter) (Phillips et al. 1989). This equation 
was derived from measures of lipid components in serum samples collected from adult men 
(n=81) living in the 1960s. In addition to changes in population blood lipid levels over the past 
50 years, the unique lipid profile of cord blood (Dyerberg et al. 1974) raises questions about the 
suitability of this equation for lipid-standardizing POPs measured in cord blood. To investigate 
the degree of error introduced by this formula, we worked with the CDC to derive a new, cord 
blood specific equation (TLcord=2.66 × TC + TG + 0.268) based on measurement of all four lipid 
components in n=100 cord plasma samples collected from a cohort of healthy infants (cohort 




lipid components in cord plasma samples collected from 40 infants enrolled in a second cohort of 
healthy infants (cohort described: (Cowell et al. 2017)). We determined that the bias introduced 
by estimating total cord blood lipids based on the original adult formula was 9% compared to 
<1% from the new, cord blood-specific formula (Sjodin A, 2016, unpublished data). Given these 
findings, we estimate total cord blood lipids using the new formula in all analyses presented in 




BACKGROUND FOR PROJECT II: CHARACTERIZATION OF TELOMERE DYNAMICS OVER 
THE EARLY LIFECOURSE AND ASSOCIATIONS WITH MATERIAL HARDSHIP, MATERNAL 
STRESS AND PSYCHOLOGICAL DISTRESS 
 
Telomere structure and function 
The body consists of both non-renewable (i.e. brain, heart, skeletal muscle) organs comprised of 
differentiated, post-mitotic cells largely incapable of cellular division and renewable (i.e. skin, 
intestine, hematopoietic) systems made up of stem and progenitor cells that proliferate 
throughout the lifespan (Aubert and Lansdorp 2008). In dividing cells, polymerase is unable to 
replace the terminal RNA primer on the lagging DNA strand; as a solution to this “end 
replication problem”, telomerase, a highly conserved RNA template-containing reverse 
transcriptase, binds to and extends the lagging strand to completion (Bonetti et al. 2013). In 
humans, telomerase expression is highest in stem cells, lower in progenitor cells, and largely 
absent in somatic cells. In dividing cells expressing no or low levels of telomerase, chromosome 
erosion (~50-200 base pairs) occurs with each cell division (Harley et al. 1990). To prevent loss 
of protein coding regions, terminal chromosome ends consist of repeating T2AG3 sequences, 
known as telomeres (Moyzis et al. 1988). In addition to acting as a buffer, telomeres serve as a 
substrate for telomerase binding, provide chromosomal stability, prevent chromosome ends from 
appearing as double strand breaks, and reduce fusing and breakage during mitosis (Zhao 2014).  
 
Telomere length across the lifespan  
Circulating leukocytes are replenished from progenitor cells, which are derived from a pool of 
pluripotent hematopoietic stem cells (HSCs) in the bone marrow (Werner et al. 2015). HSCs are 




renew, which is estimated to occur approximately 100 times during the human lifespan (Seita 
and Weissman 2010). In order to maintain the approximately ∼4.1015 blood cells produced over a 
lifetime, hematopoiesis follows a hierarchical pattern of division in which multipotency is 
progressively restricted (Nordfjall et al. 2009). As illustrated by Figure 4, HSCs can 1) self-
renew, 2) give rise to a common myeloid progenitor, or 3) give rise to a common lymphoid 
progenitor. In turn, myeloid progenitors give rise to granulocytes (primarily neutrophils, 
eosinophils, basophils) and lymphoid progenitors give rise to lymphocytes (primarily B cells and 
T cells). Collectively, these cells are referred to as leukocytes or white blood cells (WBCs) 
(Werner et al. 2015).  
 





To better understand the organization and turnover of HSCs, in the late 1990s a group of 
researchers began investigating changes in leukocyte telomere length over the lifecourse. In 
WBCs collected from 508 individuals between birth and age 90 years, granulocyte and 
lymphocyte telomere lengths decreased rapidly in the first 6 and 18 months of life, respectively, 
after which a more gradual decline occurred (Rufer et al. 1999). This biphasic pattern of 
telomere shortening has been replicated by several studies, including an analysis of newborn-
parent-grandparent families, which found that differences in telomere length were significantly 
greater between newborns and parents compared to parents and grandparents (Frenck et al. 
1998). While few studies have directly investigated telomere length in human HSCs, mounting 
evidence suggests this biphasic trajectory of telomere erosion reflects a large-scale expansion of 
self-renewing stem cells soon after birth, which creates a pool of progenitor cells that undergo 
progressive telomere shortening throughout the remainder of life (Aubert and Lansdorp 2008).  
 
Telomere length and health 
A recent meta-analysis of 19,713 individuals enrolled in six cohorts estimated that telomere 
length heritability is approximately 70% (Broer et al. 2013). Additionally, research indicates that 
by early adulthood most individuals display a fixed ranking and tracking of telomere length, 
suggesting that length at birth and erosion during childhood largely explain inter-individual 
variation observed in adults (Hjelmborg et al. 2015). Several large cohort studies have 
demonstrated that after controlling for age, shorter telomere length is associated with elevated 
risk of multiple age-related diseases, including heart disease, diabetes, dementia, osteoporosis, 
and mortality (D'Mello et al. 2015; Fitzpatrick et al. 2011; Honig et al. 2012; Mons et al. 2017; 




survival after a stressful situation by becoming a little older”) (Selye 1956), extensive research 
has linked stressful life events with accelerated aging (summarized by: McEwen 1998). These 
findings, in combination with evidence documenting associations between telomeres and 
diseases of aging, as well as research emphasizing the importance of early life in setting lifelong 
telomere dynamics, raise questions about the impact of stress and adversities experienced during 
early life on telomere length.  
 
Evidence linking telomere length and stress 
Over the past two years (2015-2017), research investigating associations between childhood 
stress and telomere length has expanded rapidly. Coimbra et al. systematically reviewed 11 
studies examining telomere length in relation to adversity (violence, family disruption, 
institutionalization, maternal depression and low socioeconomic status) among children between 
the ages of 3 and 15 years (Coimbra et al. 2017). The authors concluded that across these 
domains, children experiencing greater adversity experience accelerated telomere erosion. 
Notably, only one of the 11 reviewed studies was longitudinal by design (Shalev et al. 2013), 
raising questions about the appropriateness of their conclusion relating to change (shortening) 
over time. In a similar review, Naess et al. examined results from 26 studies investigating the 
association between childhood stress and telomere length, which was largely measured during 
adulthood. Studies were grouped by whether they measured 1) maternal stress during pregnancy, 
2) parental caregiving ability, 3) childhood psychosocial stress (abuse, neglect, loss), or 4) 
childhood socioeconomic status (Naess and Kirkengen 2015). The majority of studies indicated 
an inverse correlation between stress and telomere length, but associations with socioeconomic 




authors to draw conclusions relating to gestational stress exposure. Similarly, Oliveira 
systematically reviewed papers examining the association between chronic social stress and 
telomere length across the lifecourse (Oliveira et al. 2016). The authors defined chronic stress as 
“stressful situations that originate from one’s social environment”, which they grouped into three 
‘social processes’: 1) caregiving of disruptive children or disabled elderly, 2) poverty, and 3) 
exposure to violence. Based on results extracted from 18 studies (16 cross sectional and 2 
longitudinal), the authors concluded that chronic social stress during early or adult life is 
associated with telomere shortening across each of these ‘social processes’ (Oliveira et al. 2016). 
 
Hanssen et al performed a meta-analysis of the association between the degree of psychosocial 
stress (neglect, violence, trauma, abuse, institutional care, adversity, life stress and separation) 
experienced during childhood and telomere length among 16,238 participants from 27 samples. 
The authors found a significant association between higher childhood stress and shorter telomere 
length measured at a mean (across studies) age of 42 years (Hanssen et al. 2017). Similarly, Li et 
al. performed a meta-analysis investigating childhood trauma (physical abuse, sexual abuse, 
emotional abuse, physical neglect, emotional neglect, and general trauma) in relation to 
accelerated telomere erosion in adulthood among 30,909 participants from 26 studies. The 
authors detected small inverse effects between specific traumas (i.e. abuse or neglect) and 
telomere length, but larger inverse associations between “general trauma” and telomere length 
(Li et al. 2017). Lastly, Ridout et al. performed a similar meta-analysis investigating associations 
between early adversity (abuse, neglect, socioeconomic status, and other adverse experiences) 
and telomere length among 30,773 individuals enrolled in 41 studies (Ridout et al. 2017). The 




type and timing of adversity significantly impacted associations with telomere length. Notably, 
many of the studies examined in these various review and meta-analyses overlapped. 
 
Despite the clear importance of early life in setting lifelong telomere dynamics, few longitudinal 
studies have investigated change in telomere length across childhood. Indeed, a defining theme 
across these six systematic reviews and meta-analyses was the consistent call for future 
longitudinal research investigating within child change in telomere length over time.  
 
Longitudinal research investigating stress in relation to childhood telomere attrition 
Of the studies discussed by the above systematic reviews and meta-analyses, only two examined 
repeated measures of telomere length. Humphreys et al. examined the association between 
institutional care in Romania and buccal cell telomere shortening among 79 children (n=247 
observations) between the ages of 6 and 15 years (Humphreys et al. 2016). For each child, 
telomere length was measured in 2-4 repeatedly collected samples. In adjusted models, the 
authors found that children who had ever been institutionalized showed accelerated telomere 
attrition (b= -0.12, n= 50) compared to children who had never been institutionalized (b= -0.06, 
n=29). In a study of 236 children residing in the United Kingdom, Shalev et al. found that 
exposure to two or more types of violence (maternal domestic violence, bullying victimization 
and physical maltreatment, n=39) was associated with significantly more telomere erosion 





Putative mechanisms underlying associations between stress and telomeres 
DNA damage attributable to elevated levels of oxidative stress is the best supported mechanism 
linking psychosocial stress and adversity with shortened telomere length (Bauer et al. 2009; 
Haussmann and Heidinger 2015). Reactive oxygen species (ROS) (i.e. superoxide, hydroxyl 
radicals, hydrogen peroxide) are generated through endogenous (i.e. mitochondrial electron 
transport chain) and exogenous (i.e. cigarette smoking) processes (Newsholme et al. 2016). 
Research in animal models (Colaianna et al. 2013) and humans (Epel et al. 2004) has 
demonstrated that chronic stress leads to elevated ROS production, likely partially through stress 
hormone (i.e. cortisol)-mediated pathways (Aschbacher et al. 2014).  
 
Oxidative stress has been shown to accelerate telomere attrition. For example, in cell culture 
studies using human fibroblasts, a continuous and exponential correlation between increasing 
oxidative stress levels and rate of telomere shortening was observed (Richter and von Zglinicki 
2007). Several aspects of telomere structure heighten its vulnerability to oxidative damage. For 
example, the high number of guanines, which are more readily oxidized compared to other base 
pairs, leads to formation of 7,8-dihydro-8-oxoguanine (8-oxo-dG) lesions (Houben et al. 2008). 
Further, telomeres end in a single stranded 3’ overhang, which is stabilized by folding back on 
itself; it is hypothesized that this ‘T-loop’ structure may obstruct DNA repair enzyme access, 
leading to unrepaired single-strand breaks (Bonetti et al. 2013). In turn, DNA breaks can impede 
replication by polymerase or may result in incorporation of an incorrect base at the 
corresponding site on the undamaged strand (von Zglinicki 2000, 2002). Further, research has 
demonstrated that telomerase can directly mis-incorporate 8-oxo-dG during telomere elongation, 




impeded by terminal 8-oxo-dG lesions, but rather, research suggests that under certain conditions 
(i.e. in the presence of G-quadruplexes) these lesions may enhance the ability of telomerase to 
add nucleotides by improving telomere accessibility (Opresko 2008). Importantly, levels of 
oxidative stress studied in vitro are typically higher than those occurring in the body and 
therefore results from basic research examining oxidative stress in relation to in vivo telomere 
shortening in humans ultimately remains inconclusive (von Zglinicki 2002).  
 
Methods of telomere measurement 
Several molecular biology techniques have been developed to measure telomere length, 
including cell and chromosome-specific approaches (i.e. Single Telomere Length Analysis 
(STELA) and quantitative fluorescence in situ hybridization (Q-FISH)). However, based on 
methodological requirements (i.e. fresh blood) these approaches are typically used only in the 
clinical management of telomere-based diseases and are largely considered unsuitable for 
research involving a large number of participants (Montpetit et al. 2014).   
 
The majority of research studies use either terminal restriction fragment (TRF) or quantitative 
polymerase chain reaction (qPCR) assays, each of which has unique requirements, advantages 
and limitations. Briefly, when performing the TRF method, DNA is digested using restriction 
enzymes that preserve telomeric regions. Intact telomeres from all chromosomes are then run on 
a gel and visualized using southern blotting. The size of the fragments, which reflects the 
average telomere length across all chromosomes and cells, is determined by comparison to a 
DNA ladder of known length (Kimura et al. 2010). Advantages of this method include the ability 




requires a large amount of DNA (micrograms), and is highly sensitive to DNA degradation. 
Additionally, a region of sub-telomeric DNA is measured, which cannot be distinguished from 
the telomeric region, potentially leading to measurement error (Montpetit et al. 2014).  
 
Historically, qPCR was not used to measure telomeres because the primers for the repeating 
T2AG3 sequence had a propensity to form dimers. However, this problem was resolved in 2002 
with the development of specially designed primers that bind to G/C-rich telomeric segments, 
but are mismatched at the other bases (Cawthon 2002). In traditional qPCR, telomere length is 
quantified by measuring the telomere amplicon (T) to a single-copy gene (S) amplicon in 
separate wells and a T/S ratio is calculated that reflects the average telomere length across all 
chromosomes in all cells sampled. In 2009, a monochrome multiplex qPCR (MMqPCR) 
telomere assay was developed, which allows the quantity of T and S to be measured in the same 
well, thereby eliminating variation introduced from differences in the quantity of starting DNA 
pipetted into the well (Cawthon 2009). Advantages of qPCR include the capacity to analyze a 
large number of samples relatively quickly and the small quantity of DNA required (nanograms); 
however, it is limited in that it provides a measure of relative (i.e. ranking across samples) versus 
absolute length (i.e. base pairs). 
 
A large international collaboration between 10 laboratories that each investigated telomere 
length in a set of identical samples concluded that both TRF/southern blotting and qPCR assays 
generally perform well for measuring telomere length, but that the degree of technical variation 
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Purpose of review: Environmental toxicants and psychosocial stressors share many biological 
substrates and influence overlapping physiological pathways. Increasing evidence indicates 
stress-induced changes to the maternal milieu may prime rapidly developing physiological 
systems for disruption by concurrent or subsequent exposure to environmental chemicals. In this 
review, we highlight putative mechanisms underlying sex-specific susceptibility of the 
developing neuroendocrine system to the joint effects of stress or stress correlates and 
environmental toxicants (bisphenol A, alcohol, phthalates, lead, chlorpyrifos and traffic-related 
air pollution).  
 
Recent findings: We provide evidence indicating that concurrent or tandem exposure to 
chemical and non-chemical stressors during windows of rapid development is associated with 
sex-specific synergistic, potentiated and reversed effects on several neuroendocrine endpoints 
related to hypothalamic-pituitary-adrenal axis function, sex steroid levels, neurotransmitter 
circuits and innate immune function. We additionally identify gaps, such as the role that the 
endocrine-active placenta plays, in our understanding of these complex interactions. Finally, we 
discuss future research needs, including the investigation of non-hormonal biomarkers of stress. 
  
Summary: We demonstrate multiple physiologic systems are impacted by joint exposure to 
chemical and non-chemical stressors differentially among males and females. Collectively, the 
results highlight the importance of evaluating sex-specific endpoints when investigating the 
neuroendocrine system and underscore the need to examine exposure to chemical toxicants 





For decades, the fields of psychology and child development have embraced the concept that an 
“umbilical transference” [1] occurs during prenatal life, in which the developing fetus is not only 
susceptible to risks conferred by physical and chemical exposures, but is sensitive to the 
vicissitudes of maternal psychological state and affect. Indeed, in the 90 years since Freud 
inferred the importance of the maternal-fetal bond (“[there is] much more continuity between 
intra-uterine life and earliest infancy than the impressive caesura of birth would have us believe” 
[2]), maternal emotional state and hormonal fluctuations have been associated with spontaneous 
abortion, fetal distress, premature labor and other pregnancy complications [3-5].  
 
More recently, the fields of toxicology and environmental epidemiology have begun to adopt 
these principles and move towards an ‘exposome’ approach, in which an individual’s cumulative 
“internal chemical environment” is thought to reflect exposure from both exogenous sources (i.e. 
environmental toxicants) and endogenous processes (i.e. stress-induced hormonal changes) [6].  
From a health perspective, embracing the exposome is critical as environmental toxicants and 
psychosocial stressors share many biological substrates and increasing evidence indicates that 
stress-induced changes to the maternal milieu may prime rapidly developing physiological 
systems for disruption by concurrent or subsequent exposure to environmental chemicals and 
vice versa [7, 8]. 
 
In this review, we summarize four putative mechanisms underlying sex-specific susceptibility of 
the developing neuroendocrine system to the joint effects of psychosocial stress and 




neurocognitive and behavioral disorders [9] and evidence demonstrating stress and an array of 
toxicants independently disrupt neurodevelopmental trajectories and alter programing of the fetal 
brain, including organization of sexually dimorphic regions [10-12]. We support each 
mechanism with examples from animal research, and when available, we discuss parallel 
epidemiologic findings. We draw from studies examining six well-established developmental 
neurotoxicants, including: bisphenol A (BPA), alcohol, phthalates, lead, chlorpyrifos and traffic-
related air pollution. An exhaustive review of sex-specific neurodevelopmental effects associated 
with isolated exposure to psychosocial stress and these toxicants is beyond the scope of this 
paper, however, when available we point readers to previously published review articles. Finally, 
we identify gaps in our current understanding of these complex interactions and discuss future 
research needs.  
 
Background 
Measures of Stress 
Stress is a complex, multilevel construct characterized by cognitive appraisal of potentially 
stressful stimuli and consequent physiological reactions at both the cellular and emotional levels. 
Variation in stress responses reflects features of the stimuli (i.e. context, intensity, chronicity) 
and individual (i.e. sex, life stage, appraisal, coping capacity), thus requiring a diverse set of 
instruments and protocols for measurement. In epidemiologic research, measures of physical 
strain (e.g., malnutrition, sleep deprivation) and socioeconomic correlates of stress (e.g., 
education, resource accessibility), as well as scales of negative life events, stress perception, and 
negative affect are often used [13]. In experimental animal studies, common protocols include 




animal and human studies frequently measure biomarkers of stress, such as glucocorticoids (i.e. 
cortisol in humans or corticosterone in rodents), under basal conditions and/or following 
exposure to stressful stimuli. Similarly, researchers can evaluate the timing and intensity of stress 
responses by examining physiologic and molecular changes following administration of 






Figure 1. Conceptual model illustrating sex-specific neuroendocrine targets of chemical and 
non-chemical stressors.  
 
Legend: All toxicant associations reflect interactions with stress; however, stress is not visually 
depicted. Abbreviations: 5-HT: serotonin; ACh: acetylcholine; ACTH: adrenocorticotropic 
hormone; BPA: bisphenol A, CRH: corticotropin releasing hormone; CPF: chlorpyrifos; DA: 
dopamine; DBP: dibutyl phthalate; ETH: alcohol; FSH: follicular stimulating hormone; GnRH: 





Mechanism 1: Disrupted HPA Axis Function 
Circulating glucocorticoid levels are maintained by the Hypothalamic-Pituitary-Adrenal Axis 
(HPA), which regulates physiological responses to potentially stressful stimuli [14]. The HPA 
axis includes the hypothalamus and pituitary gland located in the brain, and the adrenal glands, 
which are situated above the kidneys. In response to signals from brain nuclei involved in 
emotion-regulation, hypothalamic neuroendocrine cells produce corticotropin releasing hormone 
(CRH), which triggers secretion of adrenocorticotropin hormone (ACTH) from the pituitary 
gland. ACTH signals the adrenal cortex to synthesize and release cholesterol, which undergoes 
steroidogenic conversion to glucocorticoids, mineralocorticoids, and to a lesser extent androgens 
(i.e. testosterone). Glucocorticoid receptors located on the hypothalamus and pituitary detect 
circulating levels and terminate axis activity though a feedback inhibition mechanism.  
 
Bisphenol-A (BPA) 
BPA is an endocrine disrupting chemical associated with sex-specific neurobehavioral problems 
in children [15]. It has been widely used in food cans, plastic bottles and other consumer 
products leading to nearly ubiquitous human exposure [15]. In silica research indicates BPA is a 
glucocorticoid receptor agonist [16], and it has been associated with altered HPA axis function in 
juvenile trout [17] and pregnant women [18]. During pregnancy, surges in glucocorticoid levels 
are essential for normal maturation of several organ systems, however, elevated glucocorticoids 






Based on these factors, Pantagiotidou et al investigated sex-specific effects of perinatal exposure 
to BPA on HPA axis responsiveness during adolescence using a murine model [21]. Among 
female rats, BPA was associated with altered basal corticosterone (increased) and hypothalamic 
glucocorticoid receptor (decreased) levels. In response to acute stress (forced swimming), BPA-
exposed females exhibited anxious coping behaviors and a dampened corticosterone response 
with failed downregulation of hypothalamic glucocorticoid receptor expression. In contrast, 
BPA-exposed males did not show altered basal HPA axis function, however, they failed to 
upregulate pituitary CRH receptor 1 expression in response to acute-stress (Table 1). Taken 
together, these findings suggest prenatal BPA exposure may program a hyperactive HPA axis 
with impaired negative feedback responsiveness to circulating corticosterone levels among 
females and a dampened stress response among males. Notably, HPA axis hyperactivity has been 
associated with anxiety and depression-like behaviors in rats [22] and diagnosis of anxiety and 
major depressive disorder in children and adolescents [23]. These findings suggest sex-specific 
reprogramming of the HPA axis by in utero exposure to BPA may permanently alter individual 
responses to stressful stimuli and contribute to life-long neuropsychological problems.   
 
Mechanism 2: Altered Sex Steroid Levels 
Similar to adrenal steroidogenesis, the gonads produce sex steroids under the control of the 
Hypothalamic-Pituitary-Gonadal (HPG) axis. Precisely timed surges of gonadal and adrenal sex 
steroids are critical for sexually-dimorphic differentiation, including de-feminization and 






Increasing evidence indicates stressful stimuli [26] and environmental toxicants [27] disrupt the 
fetal HPG axis. Given these findings, Ward et al. conducted a series of rodent studies to examine 
the effects of combined exposure to prenatal stress (restraint) and alcohol on fetal testosterone 
patterns and later sexual behavior [28]. Male rats born to dams exposed to alcohol or stress 
during pregnancy were characterized by a testosterone surge (timing and duration) similar to that 
of controls, however, at each gestational day studied levels of testosterone were elevated in the 
alcohol-only group and depressed in the stress-only group [28]. Among males in the combined 
exposure group, the fetal testosterone surge was significantly delayed and abbreviated (p=0.02) 
compared to the unexposed and single-exposed groups [28]. As adults, males in the combined 
exposure group displayed feminized sexual behavior (e.g., lordosis) and reduced incidence of 
copulation with estrous females (Table 1) [29, 30]. Notably, in typically developing rats, the fetal 
testosterone surge corresponds with development of the sexually dimorphic nucleus in the 
hypothalamic preoptic area (SDN-POA), which plays important roles in controlling expression 
of sexual behaviors [26]. These findings suggest that combined exposure to alcohol and stress 
may desynchronize the temporal overlap between the fetal testosterone surge and development of 
the SDN-POA, resulting in feminization of the male brain.  
 
Phthalates 
Consistent with the effects of alcohol, exposure to phthalates during the fetal masculinization 
window has been shown to alter rat gonadal steroidogenesis [31-33] and disrupt development of 
the male reproductive tract. In humans, prenatal exposure to phthalates has been associated with 
altered sex steroid levels [34-36] and de-masculinized phenotypes among boys, including 




androgen activity in early gestation [38] and correlates with sex-specific neurobehaviors [39]. 
Dibutyl phthalate (DBP) is a plasticizer that has been used extensively in toys and personal care 
products [40]. Given nearly ubiquitous human exposure to both DBP and stressful stimuli, Drake 
et al used a rat model to investigate the effects of concurrent exposure to DBP and the synthetic 
glucocorticoid dexamethasone [41]. Compared to unexposed controls, male offspring prenatally 
exposed DBP had lower fetal intra-testicular testosterone levels, reduced expression of key genes 
(StAR, CYP11a1) involved in gonadal steroidogenesis, and several anatomical malformations, 
including shortened anogenital distance. Exposure to dexamethasone alone showed no effects on 
male reproductive endpoints, however, when combined with DBP it enhanced the severity or 
incidence of most DBP-induced effects. Furthermore, combined exposure revealed effects on 
anogenital distance at lower doses of DBP (Table 1).   
 
Diethylhexyl phthalate (DEHP) is a second anti-androgenic phthalate that is used to enhance 
flexibility of plastic-based consumer products [42]. Using data from a multi-center birth cohort, 
Barrett et al investigated prenatal exposure to stress and DEHP among a sample of infants 
(n=137 boys, n=136 girls) [43]. Stress was measured using a scale of stressful life events 
administered to couples during pregnancy and DEHP metabolites were measured in a maternal 
spot urine sample. Consistent with previous findings [44], stressful life events and DEHP 
exposure were independently associated with reduced anogenital distance among boys, albeit the 
association with stressful life events was not statistically significant [43]. Interestingly, when 
stratified by stress (<4 vs. 4+ stressful life events), DEHP metabolites were associated with 
reduced anogenital distance only among boys in the low stress group. These findings suggest that 




exposure protects against the anti-androgenic effects conferred by each in isolation. Among girls, 
prenatal stress was associated with significantly longer anogenital distance, indicative of a 
masculinizing phenotype, however, no interaction with DEHP metabolites was observed. 
Importantly, given the relatively small size of the study sample, it is important that these findings 
be replicated by future studies.  
 
Collectively, these results provide evidence that in rats, exposure to stress during pregnancy may 
augment the effects of concurrent exposure to environmental chemicals on male reproductive 
track outcomes and development of sexually-dimorphic brain regions, however, more research is 
needed to translate these findings to humans.  
 
Mechanism 3: Changes to Neurotransmitter Systems 
The brain is organized into complex neural networks that rely on the action of neurotransmitter-
specific synapses for communication. Several of these circuits, such as the mesocorticolimbic 
dopamine circuit, also innervate key regulatory systems, including the HPA axis [45]. The 
mesocorticolimbic neurotransmitter system projects from the ventral tegmental area to the 
nucleus accumbens, striatum, cortex and limbic centers; its coordinated function is important in 
motivation, memory, and positive reinforcement of emotion-related behaviors [46].  
 
Lead (Pb) 
Prenatal exposure to Pb and stress have each been shown to independently act on the 
mesocorticolimbic circuit [47, 48], leading Cory-Slechta et al to investigate the effects of 




prenatally exposed to acute stress (restraint) and Pb, but neither in isolation, frontal cortex 
dopamine levels were reduced and circulating corticosterone levels were elevated [49]. Females 
in the combined exposure group also exhibited learning deficits [50] and increased rates of 
stress-induced food reward responding, an indicator of impulsive choice behavior [48]. Parallel 
findings were not observed among males. In a subsequent study, the research group found 
indications of a trend towards disrupted mesocorticolimbic serotonin function and altered delay 
discounting behavioral performance among males exposed to Pb and stress, however, a 
statistically significant interaction was not observed [51]. Serotonin is a critical mediator of 
dopamine function [52], is important to HPA axis programming [53], and has been associated 
with sex-specific impulsive choice behavior in rats [54] and humans [55]. While substantial 
evidence indicates that stress and Pb act at the intersection of the mesocorticolimbic dopamine 




Chlorpyrifos is a widely used agricultural pesticide [56] that disrupts neurotransmitter circuits by 
inhibiting acetylcholinesterase, the enzyme responsible for breaking down acetylcholine at 
neuromuscular junctions. Unsurprisingly, human exposure results in similar effects on 
acetylcholine systems [57], as well as disruption of serotonin circuits [58, 59]. Among children, 
prenatal exposure has been associated with tremor [60] and lower scores on measures of 
cognitive and neurobehavioral development [61, 62]. Glucocorticoids also target cholinergic [63] 
and serotonergic [64] circuits and recent findings suggest prenatal exposure to glucocorticoids 




exposure. Using a murine model, Slotkin et al examined several neurochemical and behavioral 
endpoints in offspring exposed to the synthetic glucocorticoid dexamethasone and/or 
chlorpyrifos during the prenatal and neonatal periods, respectively [65-67]. Among males, each 
exposure was associated with reduced presynaptic acetylcholine activity and combined exposure 
demonstrated additive effects on this endpoint. Conversely, among females, dexamethasone and 
chlorpyrifos were each associated with increased presynaptic activity, whereas tandem exposure 
was associated with significantly reduced presynaptic activity (indexed by decreased choline 
transport protein binding and reduced choline acetyltransferase activity) and lost postsynaptic 
reactivity (indexed by decreased postsynaptic receptor binding) [66]. Tandem exposure was also 
associated with enhanced deficiencies in serotonin turnover, an indicator of pre-synaptic impulse 
activity, and attenuated upregulation of both serotonin receptor and transport protein expression 
[65]. Notably, serotonin effects were stronger among male pups, who additionally exhibited 
significantly greater hyperactivity compared to males in the control and single-exposure groups 
(Table 1) [67]. These findings suggest prenatal exposure to elevated glucocorticoids may 
enhance vulnerability of cholinergic (girls) and serotonergic (boys) systems to disruption by 
postnatal chlorpyrifos exposure.  
 
Mechanism 4: Immune Dysregulation 
Exposure to stress during fetal and neonatal life has been shown to alter fetal immune pathways 
[68, 69, 70], which play important roles in development of sexually dimorphic brain regions. For 
example, research conducted in male rodents suggests that increased estradiol levels resulting 
from aromatization of testosterone upregulates several microglial immune response genes 




In turn, elevated prostaglandin E2 triggers a signaling cascade that ultimately augments dendritic 
spine density in the medial preoptic area, which play a central role in the ability of males to 
detect olfactory cues from sexually receptive females (71). This complex molecular pathway has 
been substantiated by experimental studies demonstrating male copulatory behavior during 
adulthood is completely suppressed among rats subjected to microglial ablation during the 
neonatal period (72). Additional pathways through which the immune system influences 
programming of the developing brain have been reviewed by Bilbo et al. [73].  
 
Traffic-Related Air Pollution  
Prenatal exposure to traffic-related air pollution is associated with sex-specific disruption of 
brain development, neurocognitive and behavioral endpoints, and innate immune function [74].  
The effects of combined exposure to stress and diesel exhaust particles on immune markers was 
recently studied using a murine model. Bolton et al found that male rat pups born to dams 
exposed to diesel exhaust and subjected to nest restriction during pregnancy had significantly 
elevated expression of microglial toll-like receptor-4 (TLR4) and its downstream effector 
caspase-1. TLR4 is an innate immune receptor responsive to both exogenous and endogenous 
danger-associated molecular patterns [75]. As adults, male pups in the combined exposure group 
also exhibited a greater pro-inflammatory bias (pro-inflammatory IL-1β /anti-inflammatory IL-
10 ratio) in microglial derived cytokine levels compared to females. Subsequent analyses 
demonstrated these sex-specific molecular changes extended to cognitive and behavioral 
impairments, with males displaying significant hippocampal-dependent memory deficiency and 
increased anxiety-like behavior compared to males in the control and single-exposure groups 




enhance the effects of diesel exhaust exposure through microglia-mediated inflammation 
pathways within the fetal rat brain.  
Using data from a Boston, MA-based birth cohort, we previously investigated relationships 
between maternal report of negative life events during pregnancy and prenatal exposure to black 
carbon, a measure of traffic-related air pollution, on memory and learning domains among 6-year 
old children (n=145 boys, n=113 girls) [76]. Consistent with Bolton et al, we found that high 
exposure to black carbon was associated with significant deficits in attention-concentration 
scores only among boys born to mothers with high negative life event scores. While we did not 
study immune pathways, previous research in children has demonstrated stress [77] and black 
carbon [78] are independently associated with significant increases in pro-inflammatory IL-1β 






Table 1. Summary of effects from combined exposure to stress and several developmental 
toxicants on neuroendocrine and immune endpoints in rodents. 
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­ expression of 
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No interaction observed [75] 






Summary of Mechanisms 
Collectively, the studies reviewed here demonstrate that psychosocial stress and chemical 
toxicants interact to disrupt several physiological systems important to neurodevelopment and 
that these interactions vary by sex. However, given the limited research on these complex 
interactions, especially among humans, consistent patterns of disruption across chemicals, 
stressors and physiological systems remain poorly understood.  
 
Future Research Needs 
Role of the Placenta 
While the studies summarized here focus directly on the fetal and maternal systems, emerging 
research indicates the placenta also plays a critical role in shaping sex-specific 
neurodevelopment [79]. Despite its design as a constitutional barrier between the mother and 
fetus, the placenta is penetrated by several neurodevelopmental toxicants and recent research 
indicates it is sensitive to changes in maternal state [79-81]. In mice, exposure to stressful stimuli 
during pregnancy has been shown to downregulate placental expression of O-linked-N-glycosyl 
transferase (OGT), an x-linked gene involved in regulating epigenetic modification of a global 
repressive histone mark (H3K27me3) [82, 83]. Notably, OGT escapes x-inactivation, leading to 
basal levels that are twice as low in males compared to females [82, 83]. The additional stress-
induced decrease in OGT may result in an activated state among males via reduced 
transcriptional repression, ultimately rendering males more sensitive to concurrent or subsequent 
insults. Moreover, prenatal exposure to stress has been shown to significantly reduce associations 
between OGT and the 17-beta-hyroxysteroid dehydrogenase-3 (HSD17b3) gene locus in male 




HSD17b3, which is responsible for converting androstenedione to testosterone [82]. As 
expected, prenatally stressed male mice present with increased androstenedione and decreased 
testosterone, as well as a dysmasculanized behavioral phenotype characterized by stress 
responses, cognitive function, and spatial strategies more similar to control females than control 
males. Despite these findings, no studies have investigated the sex-specific combined effects of 
stress and neurotoxicants on placental structure or function. Future research at the intersection of 
the maternal-placental-fetal unit is needed to more fully understand how gestational 
perturbations affect placental function, including altered gene expression patterns.  
 
Improved Biomarkers of Stress 
The majority of biomarkers currently used as indicators of stress are hormones (i.e. cortisol), 
which typically fluctuate in response to acute stress [84], may not accurately reflect maternal 
stress responses during pregnancy due to altered endocrine system homeostasis [85], and are 
affected by variation in several enzymes, including placental HSD11β2, which converts cortisol 
to inactive cortisone [86]. Recently, telomeres have been identified as a potential biomarker of 
cumulative wear and tear on the body [87, 88]. Telomeres are repetitive, non-coding T2AG3 
sequences located at terminal chromosome ends. During cell division, chromosomes erode 
owing to limitations of DNA replication machinery, thus telomeres serve a self-sacrificing role 
against damage and degradation of protein coding regions [89]. Several recent epidemiological 
studies have demonstrated associations between early life social disadvantage and shorter 
telomere length [90-93], however, these studies are largely limited by cross-sectional designs, 
small sample sizes, and retrospective reporting of childhood experiences. Future research 




understand whether telomeres can serve as a stress-sensitive biomarker during periods of rapid 
growth and development.  
 
Expanded Research in Humans 
As is evident from our focus on animal research, epidemiologic research investigating sex-
specific neuroendocrine effects of developmental exposure to chemical and non-chemical 
stressors is limited. While animal research provides a unique opportunity to experimentally 
manipulate and control study conditions, substantial anatomical, functional, developmental and 
behavioral differences between species limit the generalizability of results to humans. For 
example, rat adrenal glands to not produce androgens, which are important contributors to 
sexually dimorphic differentiation of the brain in humans [94]. Likewise, the masculinization 
programming window is only 3-5 days in rats compared to 4-6 weeks in humans, potentially 
providing a greater time-opportunity for physiological disruption or recovery [41]. More 
observational epidemiology research investigating stress-chemical-sex interactions is needed to 
confirm the biological mechanisms elucidated by animal research.  
 
Investigation of Other Systems and Mechanisms  
The reviewed studies do not encompass all psychosocial stressors, toxicants, physiological 
systems or biological mechanisms known to influence brain development, but rather were 
selected to highlight enhanced disruption of pathways central to sex-specific programming. 
Moreover, while reviewed separately, these pathways overlap extensively and should be 
conceptualized as contributing to a single integrated system. For example, the immune system 




neurotransmitters influence sex steroid levels via modulation of the HPG axis at the level of the 
hypothalamus [96]. Moreover, the extent to which stress may act to increase exposure at the 
biological level is poorly understood. For example, rats exposed to stress have increased brain Pb 
[51] and decreased blood alcohol [97] levels compared to non-stressed animals exposed to the 
same dose of chemical. These results suggest that rather than directly acting on overlapping 
biological substrates, stress may alter blood brain barrier permeability, alcohol metabolism, 
and/or other pathways involved in toxicant distribution and excretion. Expanded research on the 
integration of these systems, as well as studies on other biological systems (i.e. autonomic) and 
cellular mechanisms (i.e. oxidative stress) sensitive to stress and chemical toxicants is needed to 
more fully understand the pathways through which these exposures interact. 
 
Implications for Health Disparities  
Members of low-income, minority communities experience more frequent negative life events, 
such as witnessing violence and suffering discrimination, which in turn may activate stress 
responses and precipitate feelings of anxiety, exclusion, and anger [98-102]. Likewise, the 
multiple challenges associated with financial strain, such as inadequate housing conditions, 
inability to afford food, and reduced access to health care, can tax individual coping strategies 
and lead to heightened emotional distress [103, 104]. In addition, parents facing multiple 
adversities are less likely to spend time at home (i.e. due to working multiple jobs with longer 
commutes and unfavorable shifts [105]) and are more likely to employ controlling, restrictive 
and punitive parenting strategies, often as an adaptive and protective response to neighborhood 
crime or other dangerous circumstances [104].   




disadvantaged individuals not only experience greater levels of psychosocial stress, but often 
bear a disproportionate burden of environmental risk [106-108]. For example, nationwide 
statistics indicate members of racial and ethnic minorities are more likely to live within 150 
meters of a major U.S. highway, putting these groups at increased risk for exposure to traffic-
related air pollution [109]. Likewise, exposure to Pb has historically been higher among black 
[110] and low-income [111] children, who disproportionately live in urban neighborhoods with 
older housing that may contain deteriorating lead-based paint. 
The socioeconomic and environmental challenges faced by these populations likely contribute to 
the persistence of health disparities across ethnic and economic groups in the United States 
[109]. For example, the rate of premature birth is significantly higher among black (17%) 
compared to white (11%) infants [109]. Premature birth is estimated to account for one third of 
all infant deaths and is associated with numerous childhood and later life disorders, including 
neurocognitive and behavioral problems [112]. Notably, black children (8.4%) and those living 
below the federal poverty level (11%) are more likely to be diagnosed with a learning disability 
or attention deficit hyperactivity disorder compared to white children (7.5%) and those living at 
or above 200% of the poverty level (5.8%), respectively [113]. Likewise, infants born to mothers 
with less than a high school education, an indicator of socioeconomic status, are nearly twice as 
likely to die in the first year of life and approximately six times more likely to be rated in poor or 
fair health during childhood [114]. Similar trends have been documented for other indicators of 






Health inequalities, including disparities in neurocognitive and behavioral outcomes, persist 
across ethnic and economic groups in the United States. As demonstrated here, multiple sexually 
dimorphic biological systems involved in programming the developing brain are susceptible to 
enhanced disruption by concurrent or consecutive exposure to psychosocial stress and chemical 
toxicants, which often co-occur among minority and socioeconomically disadvantaged 
communities. The reviewed studies highlight the importance of examining exposure to chemical 
toxicants within the context of the social environment, as well as the need to consider the 
influence of sex when investigating neuroendocrine and immune endpoints. Despite challenges 
associated with investigating these relationships among humans, such as the large sample size 
requirements needed to investigate 3-way interactions in observational studies and ethical 
considerations associated with randomized controlled trials, future research focused on studying 
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Polybrominated diphenyl ethers (PBDEs) are environmentally persistent chemicals that 
structurally resemble legacy pollutants, such as polychlorinated biphenyls (PCBs). PBDEs were 
added to consumer products for over 30 years, before being phased out due to evidence of 
toxicity. We examined temporal changes in prenatal exposure to PBDEs, as well as other sources 
of variation in cord blood concentration among 327 minority infants born in New York City 
between 1998 and 2006. We used linear regression to examine changes in concentrations over 
time and in relation to lifestyle characteristics collected during pregnancy. We detected BDE-47 
in 80% of samples with a geometric mean concentration of 14.1 ng/g lipid. Ethnicity was the 
major determinant of PBDE exposure; African American infants had 58% higher geometric 
mean cord plasma concentrations of BDE-47 (p<0.01) compared to Dominican infants. Notably, 
African American mothers were more likely to be born in the United States, which itself was 
associated with 40% (p<0.01) higher concentrations. We observed small decreases in PBDE 
concentrations by date of birth and no difference before and after their phase-out in 2004. Final 
multivariable models explained 8-12% 
of variability in PBDE concentration, 
depending on the congener. Our 
finding that prenatal exposure to 
PBDEs decreased only modestly 
between 1998 and 2006 is consistent 
with the lipophilic properties of PBDEs 






Following a 1975 fire-safety law passed by the state of California, companies across the United 
States began adding polybrominated diphenyl ethers (PBDEs) to couches, chairs and other 
upholstered products, including those designed for infants and children (1, 2).  Industry has 
primarily relied on three commercial formulations, which each consist of several PBDE 
congeners that vary in the number and location of bromine atoms around a diphenyl ether 
backbone (3). Over time, PBDEs migrate away from consumer products and enter house dust 
(4). In the United States, human exposure occurs primarily through incidental ingestion of dust, 
with consumption of meat, fish and dairy products considered secondary sources (5). PBDEs are 
classified as persistent organic pollutants (POPs). Structurally, they resemble several 
organohalogenated pollutants with known human toxicity, including polybrominated biphenyls 
(PBBs) and polychlorinated biphenyls (PCBs) (3). PBDEs are persistent, bioaccumulative and 
capable of long-range transport once released into the environment (6). Due to their lipophilic 
properties, PBDEs bioaccumulate in adipose tissue, cross the placenta, and partition into 
breastmilk (4, 5). As previously reviewed (7, 8), research examining human exposure has 
documented associations between PBDEs and endocrine disruption, reproductive problems and 
neurodevelopmental deficits. Owing to these health and environmental concerns, the three major 
commercial formulations were phased out of production in the United States between 2004 
(PentaBDE, OctaBDE) and 2013 (DecaBDE) (9, 10). Despite these phase-outs, existing 
consumer products that are infrequently replaced, such as upholstered furniture, continue to 
release PBDEs. In this study, we examined time trends and other potential determinants of 
prenatal exposure to PBDEs, including ethnicity, in a low-income, minority cohort of infants 







We conducted this study among a subset of 727 participants enrolled in the Columbia Center for 
Children’s Environmental Health (CCCEH) Mothers and Newborns birth cohort, which was 
designed to examine sub-clinical health effects associated with prenatal exposure to several 
environmental chemicals. Women with a singleton pregnancy were recruited from two prenatal 
clinics in Northern Manhattan between 1998 and 2006. Women were excluded if they were 
younger than 18 or older than 35 years, started prenatal care after the 20th week of pregnancy, 
were active smokers, had a history of drug abuse, or had diabetes, hypertension or known HIV 
infection (11). All study protocols were approved by the Institutional Review Board of Columbia 
University; it was determined that the Centers for Disease Control and Prevention were not 
engaged in human subjects’ research. Before each study visit, mothers were informed about all 
study procedures and provided written informed consent to participate.  
 
Data collection 
At the prenatal visit, trained research workers conducted structured interviews to ascertain 
information on demographic and several lifestyle factors, including material hardship and 
environmental tobacco smoke exposure. We defined material hardship as the inability to afford 
food, clothing or housing, and assessed environmental tobacco smoke (ETS) exposure by 
maternal report of smokers in the home in combination with cord blood cotinine concentrations 




frequency of vacuuming and mopping. After birth, research workers abstracted data related to 
the pregnancy, delivery, and newborn from hospital medical records.  
 
Umbilical cord blood collection and PBDE analysis 
At delivery, umbilical cord blood was collected by study staff and transported to the CCCEH 
laboratory where samples were processed and stored in multiple aliquots at -70°C. Scientists at 
the CDC measured 11 PBDE congeners (BDE-17, -28, -47, -66, -85, -99, -100, -153, -154, -183, 
and 209) in stored umbilical cord plasma (13, 14). Briefly, after fortification with internal 
standards, plasma samples were extracted using a Gilson 215 liquid handler (Gilson Inc., 
Middleton, WI) and lipids were removed on a Rapid Trace modular SPE work station (Biotage, 
Uppsala, Sweden). Final analytic concentrations were determined by gas chromatography 
isotope dilution high-resolution mass spectrometry on a DFS instrument (ThermoFisher, 
Bremen, Germany). Blanks (N=3) were processed with every 30 samples and the median blank 
value was subtracted from the final result. Serum lipids (total cholesterol and triglycerides) were 
measured using commercially available test kits (Roche Diagnostics, Indianapolis, IN) and total 
blood lipids were estimated using a recently developed cord blood-specific formula [total cord 
blood lipids = 2.657 ´ total cord blood cholesterol + cord blood triglycerides + 0.268, in g 




We reviewed published literature to identify potential determinants of PBDE exposure related to: 
1) the mother (ethnicity, country of birth, residential history, age at delivery, education, 




the newborn (sex, birthweight, gestational age); and 3) the household (material hardship, 
cleaning habits, environmental tobacco smoke) for which we had collected information during 
the prenatal period.  
 
Statistical analysis 
We focused our analysis on BDEs-47 (detection frequency: 80%), -99 (50%), -100 (42%) and -
153 (38%), which were the most frequently detected congeners. We natural-log transformed 
concentrations to better approximate a normal distribution and examined each congener as a 
continuous, lipid-adjusted variable. We imputed concentrations below the limit of detection 
(LOD) using a distribution-based multiple imputation approach (R function available in 
Supplemental Information Table 1 and LODs available in Supplemental Information Table 2). 
Specifically, to account for each sample’s unique LOD, which is proportional to the available 
plasma volume and lipid content, we randomly drew a value from a congener-specific 
distribution of detected data for which the LOD was less than or equal to that of the non-detected 
concentration. We repeated this imputation procedure 10 times and pooled parameter estimates 
for all subsequent analyses using the Multiple Imputation by Chained Equations (MICE) R 
package.  
 
We examined descriptive statistics for each potential determinant identified from our review of 
the literature. To evaluate whether children without a measure of PBDEs were different from 
those with a measure of PBDEs, we conducted student’s t, Wilcoxon-Mann-Whitney, and 
Pearson’s chi-square tests to identify differences in predictors among children included versus 





We used linear regression to model the association between continuous date of birth (examined 
in units of days and years) and natural-log transformed PBDE concentrations (ng/g lipid). In 
addition to time, we examined effect estimates and p-values from models between PBDE 
concentrations and other potential predictors, which we included in congener-specific 
multivariable models if the univariate p-value was less than 0.1. We visualized our findings by 
plotting geometric mean PBDE concentrations within levels of each predictor, which we 
dichotomized at the median if the variable was not already categorical. 
 
A woman’s ancestry, geography, language, religion, lifestyle and cultural traditions shape her 
ethnicity. In turn, these factors may influence individual determinants of PBDE exposure. For 
example, PBDEs sorb to dust particles and ethnicity may influence home cleaning habits. 
Therefore, to better understand the impact of ethnicity on exposure, we examined potential 
determinants of cord blood PBDE concentration among African American and Dominican 
participants in separate models. These models included the same predictors examined in 
unstratified models. We further examined demographic and lifestyle differences between African 
American and Dominican participants using student’s t-tests and Pearson’s chi-square tests for 
categorical and continuous variables, respectively.  
 
Finally, several characteristics that have been previously associated with PBDE concentrations, 
such as maternal age (15), may affect cord blood lipid levels (16). Therefore, we used linear 
regression to model the association between each potential determinant and total cord blood lipid 







Of the 727 children fully enrolled in the Mothers and Newborns cohort, 577 (79%) had a cord 
blood sample collected at delivery. We quantified PBDEs in umbilical cord plasma from 327 of 
these 577 infants (57%), which comprised all available stored samples. Table 1 presents 
demographic and lifestyle characteristics of the study sample. All maternal-child pairs are 
African American (n=121) or Dominican (n=206) and at delivery all mothers resided in Northern 
Manhattan or the South Bronx. Among the African American mothers, 96% were born in the 
United States, compared to only 22% of Dominican mothers; of mothers born outside of the 
United States, 86% were born in the Dominican Republic. At delivery, 35% of mothers had less 
than a high school education and 39% reported experiencing material hardship. On average, 
infants with a measure of PBDEs were born earlier during the enrollment period (p<0.01), 
weighed more at birth (p<0.01) and were more often born to a nulliparous mother (p<0.01) 
compared to infants without a measure of PBDEs. We detected no other significant differences 
between mother-child pairs included in the present analysis and those excluded. Among 
participants with a PBDE measure, we found several significant differences by ethnicity. On 
average, African American mothers were younger (p=0.01), had a higher pre-pregnancy body 
mass index (p<0.01), gained less weight during pregnancy (p=0.04), delivered lower birthweight 
babies (p<0.01) with shorter gestations (p<0.01), were less frequently in a stable relationship 
while pregnant (p<0.01) and were enrolled earlier during the study period (p<0.01). With regard 
to the home environment, African American mothers were less likely to experience material 
hardship (p<0.01) or use a wet mop for cleaning (p<0.01), but more likely to use a damp mop 





Table 1 - Demographic and Lifestyle Characteristics of Study Participants with a Measure of 
PBDEs Enrolled between 1998 and 2006 in a New York City-Based Birth Cohort 







Maternal characteristics at delivery    
   African American 121 (37) (100)  
   Dominican 206 (63)  206 (100) 
   Born in the United States* 161 (49) 116 (96) 45 (22) 
   Age (years)* 25.1±4.9 24.2±4.9 25.6±4.8 
   Less than high school education 114 (35) 43 (36) 71 (34) 
   Married or in a stable relationship* 81 (25) 16 (13) 65 (22) 
   Office work during pregnancy 36 (11) 13 (11) 23 (11) 
   Pre-pregnancy body mass index* 26.0±6.1 27.3±6.7 25.2±5.6 
   Weight gain during pregnancy (kg)* 17.1±6.8 16.1±6.6 17.8±6.9 
   Nulliparous 166 (51) 58 (48) 108 (52) 
   Years since previous pregnancyb 2.2±2.3 2.3±2.2 2.1±2.3 
Child characteristics    
   Male 149 (46) 51 (42) 98 (48) 
   Gestational age (months)* 39.4±1.3 39.1±1.4 39.5±1.2 
   Birth weight (kg)* 3.4±0.4 3.4±0.5 3.5±0.4 
   Birth year: 1998-2000* 176 (54) 81 (67) 95 (46) 
   Birth year: 2001-2003* 88 (27) 24 (20) 64 (31) 
   Birth year: 2004-2006* 63 (19) 16 (13) 47 (23) 
Household characteristics    
   At least one material hardship* 127 (39) 35 (29) 92 (45) 
   Tobacco smoke exposure in home* 115 (35) 56 (46) 59 (29) 
   Ever vacuum to clean floors* 56 (18) 32 (27) 24 (12) 
   Ever damp mop to clean floors* 183 (57) 81 (68) 102 (51) 
   Ever wet mop to clean floors* 189 (59) 57 (48) 132 (66) 
aMissing (n): pre-pregnancy BMI (10), weight gain (36), ever vacuum (11), ever damp mop (8), 
ever wet mop (9); bincludes all previous pregnancies carried to the third trimester. 






Distribution of cord plasma PBDEs 
We detected BDEs-47, -99, -100 and -153 in 80%, 50%, 42% and 38% of cord plasma samples, 
respectively. Supplemental Table 3 presents detection frequencies for all 11 congeners measured. 
As illustrated by Figure 1, BDEs-47, -99, -100, and -153 concentrations were log-normally 
distributed with geometric means of 14.1 ng/g lipid, 3.7 ng/g lipid, 2.9 ng/g lipid, and 2.6 ng/g 
lipid, respectively. As expected given their shared use in the PentaBDE mixture, these four 
congeners were moderately to highly correlated (mean rspearman between congeners across 10 
imputed datasets: 0.42-0.80, p<0.01; see Supplemental Table 4, which provides correlation 
coefficients for each congener comparison).  
 
Figure 1. Measured and imputed (non-detectable) PBDE concentrations (ng/g lipid) in cord 





Change in concentration of cord plasma PBDEs over time  
As illustrated by Figure 2, we observed small reductions in BDEs-47 (3%), 99 (5%), and 100 
(3%) per year of birth when examined over the entire enrollment period (1998 to 2006), 
however, this decrease was only statistically significant for BDE-99 (p=0.04). When we adjusted 
for ethnicity, decreases in concentrations were attenuated and the association with BDE-99 was 
no longer significant. When stratified by ethnicity, temporal decreases in concentration were 
larger among African American (2% decrease in BDE-47 per 8 years) compared to Dominican 
(0.5% decrease in BDE-47 per 8 years) infants (see Supplemental Material Figure 1). We 
detected no change in BDE-153 concentration over the enrollment period. We did not find 
significantly different PBDE concentrations among infants born before compared to after the 
PentaBDE phase-out in 2004 (p=0.13-0.60).  
 
Figure 2. Temporal changes in PBDE concentrations measured in umbilical cord plasma 





Predictors of cord plasma PBDE concentrations.  
Final multivariable models included 12 predictors, which are detailed below and collectively 
explained a low amount of variability in cord plasma BDE-47 (12%), BDE-99 (11%), BDE-100 
(10%), and BDE-153 (8%) concentrations. Figure 3 presents geometric mean PBDE 
concentrations from univariate models between predictors and each congener. Higher 
concentrations were associated with: African American [vs. Dominican] ethnicity, maternal birth 
in [vs. outside] the United States, younger maternal age at delivery [continuous in days], lower 
maternal educational attainment [less than high school vs. high school degree or equivalent], 
single relationship status [vs. married or in a stable relationship for 7 or more years], male sex of 
the study child [vs. female], longer gestation [continuous in weeks], earlier date of birth of study 
child [continuous in days], and prenatal environmental tobacco smoke exposure [any vs. none]. 
With regard to maternal cleaning habits, vacuuming [ever vs. never] was generally associated 
with higher PBDE concentrations and damp mopping [ever vs. never] was associated with lower 
concentrations. Wet mopping [ever vs. never] was associated with higher BDE-153 
concentrations, but not with the other three congeners (see Supplemental Table 5, which 






Figure 3. PBDE concentrations in umbilical cord plasma collected from children born in New 
York City between 1998 and 2006 stratified by lifestyle and demographic characteristics 
(n=327). Results are from bivariate models.  
 
Ethnicity was the major determinant of PBDE exposure; African American infants had 58%, 
56%, and 35% higher geometric mean cord plasma concentrations of BDE-47 (p<0.01), BDE-99 
(p<0.01) and BDE-100 (p<0.01) compared to Dominican infants, respectively. Notably, African 
American mothers were more likely to be born in the United States, which itself was associated 
with 40% (p<0.01), 31% (p=0.01) and 24% (p=0.04) higher concentrations of BDE-47, BDE-99, 
and BDE-100. We did not find associations between BDE-153 and ethnicity or maternal 
birthplace. Among a subset of 167 Dominican mothers (81%) with information about lifetime 
residential history, we found that for every 10% of life lived in the United States, her infant’s 




statistically insignificant changes for BDE-99 (p=0.11) and BDE-100 (p=0.10). We did not 
detect an association between residential history and BDE-153.  
 
Of the other 10 variables included in our final multivariable model, six significantly varied by 
ethnicity, with Dominican mothers typically having characteristics associated with lower PBDE 
concentrations (older, more likely to be in a stable relationship, less likely to be exposed to 
environmental tobacco smoke, less likely to vacuum). The exceptions were that Dominican 
mothers had longer pregnancies and were more likely to use a wet mop. When stratified by 
ethnicity, depending on the congener, our multivariable models explained 11-19% of variability 
in PBDE concentrations among Dominican mothers and 15-18% of variability among African 
American mothers. We did not detect significant associations between any variable included in 
our final models and cord plasma total lipid levels.  
 
Discussion 
We measured cord plasma PBDE concentrations in 327 minority infants born in New York City 
between 1998 and 2006; this is the largest United States-based study of umbilical cord PBDE 
concentrations. We detected BDE-47, which is typically the dominant congener found in 
humans, in 80% of samples and BDEs-99, -100, and -153 in at least 35% of samples. These four 
congeners are components of the PentaBDE mixture, which was voluntarily phased out of United 
States commerce in 2004 (9).  
 
PBDE concentrations in our samples were similar to levels detected in umbilical cord (15, 19, 




Supplemental Table 6, which compares mean concentrations across studies). While enrollment in 
previous studies spanned only one to three years, we were able to examine time trends in 
exposure over an eight-year period that overlapped with the phase-out of PentaBDE. We found 
modest reductions in PBDE concentrations by year of birth (3-5% depending on the congener) 
and no significant difference in concentrations among infants born before versus after the 
PentaBDE phase-out in 2004. In a recent analysis of PBDE stocks and flows, Abbasi et al. 
estimated that approximately 46,000 tons of PentaBDE were used in consumer products in the 
United States and Canada between 1970 and 2004, with a peak application of approximately 
17,000 tons in 2004 (1). Given these trends and the use of PBDEs in products that are 
infrequently replaced, it is not surprising that we detected only modest decreases over time and 
no significant difference between children born before versus after the 2004 phase-out. We 
expect exposure will continue to decrease and dominant sources of exposure to potentially shift 
as PBDE-containing products enter end-of-life stages and are removed from the indoor 
environment. For example, as PBDE-containing furniture enters waste streams, contamination of 
air and water may occur via volatilization and leaching from landfills. Given these potential 
exposure sources, monitoring landfills for PBDE emissions may be an important step in 
understanding the environmental burden of PBDEs in coming decades. Additionally, as time 
since the PBDE phase-out progresses, socioeconomic disparities in PBDE exposure may widen, 
as lower income families are likely to replace furniture less frequently or may purchase older, 
second-hand items manufactured before the PentaBDE phase-out.  
 
Among the sociodemographic and lifestyle factors considered, ethnicity was the most important 




typically having lower exposure. Notably, the majority of Dominican mothers were born in the 
Dominican Republic, where PBDEs may not have been routinely used as flame retardants in 
consumer products. The importance of the mother’s birthplace is further supported by our 
finding of a positive association between cord plasma BDE-47 and proportion of lifetime lived in 
the United States. However, the modest size of this association (4% increase in concentration for 
every 10% increase in proportion of life lived in the United States) suggests that exposure 
conditions present during the mother’s early life may be important determinants of body burden 
during adulthood. Our findings are consistent with results from a California-based study that 
found PBDE concentrations were 1) higher among pregnant women born in the United States 
compared to Mexico or Latin America and 2) increased with the duration of time lived in the 
United States (17). Likewise, an independent New York City-based study of pregnant women 
found PBDE concentrations in maternal blood were higher among African American women 
compared to Hispanic women (18).  
 
In addition to birthplace, the PBDE exposure disparity we observed between African Americans 
and Dominicans may relate to differences in lifestyle and daily habits. For example, African 
American mothers were more likely to vacuum, which was associated with higher cord plasma 
PBDE concentrations. This is consistent with a recent study that reported household vacuuming 
frequency was positively associated with PBDE concentrations measured in silicon wristbands 
worn by children (23). It is plausible that the physical agitation of dust particles that occurs 
during the vacuuming process contributes to increased ingestion and inhalation of dust. Using a 
damp mop was associated with lower concentrations, especially for BDEs-100 and -153; in 




common among African American mothers. Conversely, Dominican mothers were more likely to 
use a wet mop, which was associated with higher BDE-153 concentrations. While poorly 
understood, this finding is consistent with the results from a recent study based in Spain, which 
found housekeeping frequency was positively associated with cord blood BDE-153, but not 
BDEs-47, -99 or -100 (24).  
 
Dominican mothers were significantly less likely to be single or exposed to environmental 
tobacco smoke, both of which were associated with higher PBDE concentrations. Our 
observation of lower concentrations among children born to older mothers is consistent with 
previous research (15). While it is plausible that older women would have lower body burdens 
due to increased child bearing, we did not find significant associations between PBDE 
concentrations and parity or time since previous delivery. Alternatively, our maternal age finding 
may reflect the older age of Dominican compared to African American mothers in our sample. In 
contrast to these patterns, African American infants had shorter gestations, which was associated 
with lower concentrations, possibly related to the reduced time opportunity for in utero transfer.  
 
Other determinants of PBDE exposure in our final multivariable model that did not vary by 
ethnicity included maternal education and infant gender. We found mothers with less than a high 
school degree delivered infants with higher PBDE concentrations. This is consistent with the 
results of a Baltimore-based study (15), but in contrast to findings from a cohort in California 
(17). Notably, the California study found maternal education was positively associated with 
years of residency in the United States, which itself was associated with higher PBDE exposure. 




with lower exposure. Other studies measuring PBDEs in child or adult blood have reported 
similar trends-- with higher neighborhood poverty, lower household income and lower 
educational attainment typically associated with higher exposure (25, 26).  
 
Finally, boys had higher cord plasma concentrations of BDE-153 compared to girls. While 
putative mechanisms underlying this finding are poorly understood, placental transfer of PBDEs 
is known to vary by bromination status, with lower brominated congeners characterized by faster 
and more extensive passage (4). Furthermore, while little information exists on placental gene 
expression in relation to PBDEs, expression of genes involved in nutrient transport has been 
shown to be sexually dimorphic (28), thus it is plausible that placental transfer of BDE-153, 
which is the highest molecular weight congener we studied, is impeded to a greater extent among 
girls compared to boys due to differential expression of transport genes. Importantly, however, 
this putative mechanism is inconsistent with findings from a recent study that reported higher 
concentrations of BDE-209, which is fully brominated, in placentas (suggesting it did not reach 
the fetus) from male pregnancies (29). More research is needed to understand how sex may 
contribute to differences in fetal exposure to PBDEs and other environmental chemicals.  
 
In contrast to previous studies, we found no association between PBDE concentrations and pre-
pregnancy body mass index (15, 17). Likewise, we found no relation between concentrations and 
weight gain during pregnancy or birthweight. 
 
We identified several important predictors of PBDE exposure, including ethnicity, however, the 




Additional factors that may be associated with PBDE exposure that we did not measure include 
breastfeeding of previous children, bedroom and living room floor type, the number of 
electronics and furniture pieces containing polyurethane foam in the home, and personal 
behaviors, such as handwashing and nail biting. While we did have information on kitchen floor 
type for 84% of participants, we found little variability between homes, with the majority (77%) 
having a smooth surface. We collected limited information on maternal diet, including meat and 
fish consumption, during pregnancy; however, these data focused on cooking styles rather than 
consumption quantity and did not include information on dairy products. In addition to these 
exposure sources and pathways, individual concentrations may vary due to inter-individual 
differences in genes involved in metabolism and excretion of PBDEs. 
 
Over 95% of PentaBDE produced globally has been used in North America, where the general 
population has the highest body burden in the world (7). In 2004, PentaBDE was phased-out of 
United States commerce owing to evidence of environmental persistence and human toxicity. In 
2009, it was added to the Stockholm Convention’s list of persistent organic pollutants, prompting 
member countries to eliminate production and new use (3). Despite these measures, exposure to 
PBDEs is expected to continue for decades due to their ongoing release from furniture and other 
consumer products. Indeed, in the present study, we detected only modest reductions in cord 
plasma concentrations over an eight-year period. Further, we found that maternal birthplace was 
an important predictor of exposure, with foreign-born mothers delivering babies in the United 






Future research investigating modifiable behaviors that may reduce exposure to PBDEs in the 
home environment is needed. For example, while vacuuming might reasonably be assumed to 
reduce exposure, we found vacuuming frequency during pregnancy was associated with higher 
cord plasma PBDE concentrations, likely due to the emission of dust into the air. We did not 
have information about personal vacuum characteristics, however, it is plausible that high 
efficiency particulate air (HEPA) filters may help reduce exposure during the vacuuming 
process. Importantly, HEPA vacuums are generally more expensive than standard filtration 
vacuums and may be less affordable for lower income households. Moreover, we found lower 
maternal education, an indicator of socioeconomic status and resource availability, was 
associated with higher exposure, echoing concerns by other researchers that disparities in PBDE 
exposure may be an environmental equity issue (26). 
 
Finally, despite amendments to California’s flammability standard (30) and the availability of 
chemical-free fire safety approaches, including the use of smoke detectors, sprinkler systems, 
reduced ignition propensity cigarettes and fire safe candles, evidence indicates companies have 
been replacing PBDEs with alternative flame retardant chemicals that have unknown toxicity 
(31). Development of federal and state requirements for testing replacement chemicals, 
especially those with structural or other properties similar to PBDEs and other POPs, before they 
are added to consumer products is critical for preventing future global contamination with toxic 
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Supplemental Table 1 –Steps and R function for performing distribution-based multiple 
imputation  
 
For each sample with a concentration less than the limit of detection (LOD), count the number of 
congener-specific detected samples with a concentration less than the LOD of the non-detected 
sample.  
 
• If the number of available observations is  ≥ 2 
o Calculate the mean and variance of ln(PBDE) from the available observations  
o Draw a random value from the normal distribution with the same mean and variance 
§ BDE-47: 98%, BDE-99: 98%, BDE-100: 99.5%, BDE-153: 100% 
 
• If the number of available observations = 1  
o Use the available ln(PBDE) to fill in the non-detected value  
§ BDE-47: 0%, BDE-99: 0%, BDE-100: 0.5%, BDE-153: 0% 
 
• If the number of available observations = 0 
o Replace non-detected concentration with ln(LOD/2) 





PBDE: PBDE concentration 
LOD: limit of detection 
Ln_PBDE: natural log transformed PBDE concentration 
 
impute.func=function(pbde, lod, ln_pbde){ 
  missing.index=which(is.na(pbde)) 
  for(i in missing.index){ 
    n.available=sum(pbde<lod[i], na.rm=T) 
          if(n.available>1){ 
      mu=mean(ln_pbde[which(pbde<lod[i])], na.rm=T) 
      sd=sd(ln_pbde[which(pbde<lod[i])], na.rm=T) 
      ln_pbde[i]=rnorm(n=1, mean=mu, sd=sd) 
    }else if(n.available==1){ 
      ln_pbde[i]=ln_pbde[which(pbde<lod[i])] 
    }else if(n.available==0 & !is.na(lod[i])){ 
      ln_pbde[i]=log(lod[i]/2) 
    }else if(is.na(lod[i])){ 
      ln_pbde[i]=mean(log(pbde), na.rm=T) 
    } 
  } 






Supplemental Table 2 – Limit of detection for detected and not detected 
concentrations of PBDE congeners measured in umbilical cord plasma collected 
between 1998 and 2006 (n=327)  
 Detected 
range, ng/g lipid  
(n) 
Not-detected 
range, ng/g lipid (n) 
% Non-detected samples 
with LODs in the range 
of LODs from detected 
samples 
BDE-47 0.69-9.14 (261) 2.60-11.59 (66) 98 
BDE-99 0.41-5.46 (165) 0.91-5.40 (161) 98 
BDE-100 0.29-5.46 (136) 0.94-5.40 (191) 100 
BDE-153 0.29-5.10 (123) 1.14-5.46 (204) 100 
 
Supplemental Table 3 - Detection frequencies for 11 PBDE congeners measured 
in cord plasma collected between 1998 and 2006 (n=327) 
 Detected, n (%) Not Detected, n (%) Not Reportable, n (%) 
BDE-17 0 (0) 327 (100) 0 (0) 
BDE-28 48 (15) 279 (85) 0 (0) 
BDE-47 261 (80) 66 (20) 0 (0) 
BDE-66 16 (5) 310 (95) 1 (<1) 
BDE-85 31 (9) 296 (91) 0 (0) 
BDE-99 165 (50) 161 (49) 1 (<1) 
BDE-100 136 (42) 191 (58) 0 (0) 
BDE-153 123 (38) 204 (62) 0 (0) 
BDE-154 11 (3) 316 (97) 0 (0) 
BDE-183 10 (3) 317 (97) 0 (0) 
BDE-209 6 (2) 321 (98) 0 (0) 
 
 
Supplemental Table 4 – Correlationsa (RSpearman, p-values) between PBDE 
congeners (ng/g lipid) measured in cord plasma collected between 1998 and 2006 in 
New York City (n=327) 
 BDE-47 BDE-99 BDE-100 BDE-153 
BDE-47  0.80 (<0.01) 0.70 (<0.01) 0.44 (<0.01) 
BDE-99 0.80 (<0.01)  0.68 (<0.01) 0.42 (<0.01) 
BDE-100 0.70 (<0.01) 0.68 (<0.01)  0.52 (<0.01) 
BDE-153 0.44 (<0.01) 0.42 (<0.01) 0.52 (<0.01)  






Supplemental Table 5. Associations between umbilical cord plasma PBDE concentrations (ng/g 






Supplemental Table 6 – PBDE concentrations (median, ng/g lipid) and detection frequencies 
(%) measured in maternal or cord blood collected by 8 U.S.-based studies conducted between 
1998 and 2010 




size BDE-47 BDE-99 BDE-100 
BDE-
153 
New York, NYa 1998-2006 UCB 327 14.1 (80) 3.7 (50) 2.9 (42) 2.6 (38) 
Monterey, CA (1)a 1999-2000 MB 416 15.8 (100) 4.4 (99) 2.8 (98) 2.4 (98) 
Indianapolis, IN (2) 2001 UCB 12 25 (100) 7.1 (100) 4.1 (100) 4.4 (100) 
New York, NY (3) 2001-2002 UCB 201 11.2 (81) 3.2 (60) 1.4 (64) 0.7 (50) 
Cincinnati, OH (4)a 2003-2006 MB 274b 20.5 (100) 4.9 (99) 4.1 (98) 5.5 (99) 
Baltimore, MD (5) 2004-2005 UCB 297 13.6 (90) 4.3 (47) 2.3 (65) 2.6 (60) 
Durham, NC (6)a 2008-2010 MB 137 16.5 (95) 4.7 (64) 4.2 (89) 5.9 (96) 
New York, NY (7) 2009-2010 MB 316 7.9 (99) 1.6 (84) 1.7 (91) 3.0 (98) 
MB: Maternal blood; UCB: Umbilical cord blood 
aConcentration is geometric mean, not median 
bSample size: BDE-47=305, BDE-99=204, BDE-100=275 
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Supplemental Figure 1. Ethnicity-stratified temporal changes in BDE-47 concentration 






CHAPTER 3: Time trends and developmental patterns of plasma PBDE concentrations 
over a 15-year period between 1998 and 2013  
Whitney J. Cowell, MPH1,2, Andreas Sjödin, PhD3, Richard Jones, MS3, Ya Wang, BS1,4 Shuang 
Wang, PhD1,4 Julie B. Herbstman, PhD1,2 
 
1Columbia Center for Children’s Environmental Health, Mailman School of Public Health, 
Columbia University, New York, NY 10032 USA  
2Department of Environmental Health Sciences, Mailman School of Public Health, Columbia 
University, New York, NY 10032 USA  
3Division of Laboratory Sciences, National Center for Environmental Health, Centers for 
Disease Control and Prevention, Atlanta, GA 30341 USA 
4Department of Biostatistics, Mailman School of Public Health, Columbia University, New 
York, NY 10032 USA  
 
Address correspondence to: Julie B. Herbstman, Columbia Center for Children’s 
Environmental Health, 12th Fl, Mailman School of Public Health, 722 West 168th St, New York, 
NY 10032 USA. Telephone: (212) 304-7273. Fax: (212) 544-1943. E-mail: 
jh2678@cumc.columbia.edu 
 
Acknowledgements: This research was supported by NIH R01 ES021806. During preparation 
of this manuscript, WJC was supported by NIH T32 ES023772, NIH T32 ES007322 and EPA 
FP-91779001. We gratefully acknowledge the contribution of Miss Shenika Christopher who 
helped to identify potential determinants of interest for investigation in this study.  
 
Disclaimer: The findings and conclusions in this publication are those of the authors and do not 
necessarily represent the official position of the Centers for Disease Control and Prevention. Use 
of trade names is for identification only and does not imply endorsement by the CDC, the Public 
Health Service, or the US Department of Health and Human Services. This publication was 
developed under STAR Fellowship Assistance Agreement no. FP-91779001 awarded by the U.S. 
Environmental Protection Agency (EPA). It has not been formally reviewed by the EPA. The 
views expressed in this publication are solely those of the authors.  
 
Competing financial interests: The authors declare they have no actual or potential competing 
financial interests. 
 





Polybrominated diphenyl ethers (PBDEs) were used extensively as flame retardants in furniture 
containing polyurethane foam. In this study, we examined temporal changes in PBDE 
concentrations from 1998 to 2013 and characterized patterns of exposure over the early 
lifecourse. We measured PBDEs in 903 plasma samples collected between birth and age 9 years 
among 334 children. We examined temporal trends in exposure by regressing PBDE 
concentrations on year of sample collection in age-adjusted models. We additionally 
characterized trajectories of exposure using latent class growth analysis (LCGA) and 
investigated potential determinants of trajectory assignment, including date of birth. We detected 
PBDEs in approximately 80% of cord plasma samples and 100% of child samples; BDE-47 was 
the predominant congener detected. Controlling for age, BDE-47 concentrations decreased by 
5% per year between 1998 and 2013. When considering only postnatal samples, this reduction 
increased to 13%. The results of LCGA indicate that for the majority of children, PBDE 
concentrations peak during toddler years. Consistent with changes in concentration over time, 
year of birth was the most important determinant of PBDE trajectory assignment.  
 









Polybrominated diphenyl ethers (PBDEs) are brominated chemicals that vary in the number and 
location of bromine atoms around a diphenyl ether backbone1. Due to the natural free-radical 
trapping properties of halogens2, PBDEs were widely used as flame retardants to comply with 
California Technical Bulletin-117 (Cal-117), which was ratified in 1975 and required household 
consumer products to pass an open flame test before entering the marketplace3. Commercially, 
PBDEs were used as components of three technical mixtures known as pentaBDE, octaBDE and 
decaBDE4. The present study focuses on BDEs-47, -99, -100, and -153, which are the 
predominant congeners in the pentaBDE formulation and are estimated to make up 90% of the 
human body burden5.  
 
The United Nations Environmental Program (UNEP) estimates that 100,000 tons of pentaBDE 
were manufactured globally between 1975 and 20106, with approximately 85% used in North 
America7, where exposure is ubiquitous and body burdens are the highest in the world8. 
PentaBDE was primarily used in couches, mattresses, carpet padding and other upholstered 
products4 and typically comprised approximately 3% (by weight) of the polyurethane foam used 
in these products9.  
 
During production, PBDEs are not chemically bonded to base polymers, thus they have a 
propensity to migrate away from consumer products and accumulate in the indoor 
environment10. In the United States, human exposure occurs primarily through incidental 
ingestion of dust, with consumption of meat, fish and dairy products considered secondary 




cross the placenta14, and partition into breast milk15. Adult half-lives are estimated to range from 
1.6 (BDE-99) to 6.5 (BDE-153) years16, however, little is known about how the unique exposure 
pathways (i.e. increased mouthing), metabolic differences, and other characteristics specific to 
children influence PBDE body burden. 
 
Several studies have documented higher exposure to pentaBDE congeners among children 
compared to adults17, likely owing to the greater amount of time infants and toddlers spend in 
close proximity to the floor and the frequency with which young children mouth fingers, toys 
and other objects18. In the present analysis, we investigated both time and age-specific changes in 
PBDE concentration over the early lifecourse.  
 
Materials and Methods  
Study participants 
The study sample includes 334 of the 727 children enrolled in the Columbia Center for 
Children’s Environmental Health (CCCEH) Mothers and Newborns birth cohort. As previously 
described19, healthy, non-smoking women living in Northern Manhattan or the South Bronx were 
enrolled during pregnancy between 1998 and 2006 and followed prospectively. Data analyzed in 
the present paper were collected between 1998 and 2013 at birth and at age 2, 3, 5, 7 and 9-year 
follow-up visits, resulting in a total of 903 data points. At each visit, a bilingual 
(English/Spanish) research worker conducted a structured interview with the mother to ascertain 
information related sociodemographic and lifestyle factors. Details related to housekeeping 
behaviors were collected by asking the mother about the frequency with which the home was 




assessed based on self-reported ability to afford adequate food, clothing, or housing20. Before 
each visit, mothers were informed about all study procedures and provided written informed 
consent to participate; after age 7 years, children additionally provided informed assent. Study 
protocols were approved by the Institutional Review Board of Columbia University; it was 
determined at the Centers for Disease Control and Prevention (CDC) that the agency was not 
engaged in human subjects’ research. 
	
Sample collection and laboratory analysis 
At the child’s birth, umbilical cord blood was collected by study staff, and at age 2, 3, 5, 7 and 9-
year study visits child venous blood was collected by a pediatric phlebotomist. Following 
collection, blood was separated and stored at -70°C at the CCCEH laboratory. Aliquots of all 
available stored samples from each age period (Ncord=327, N2-years=56, N3-years=115, N5-years=42, 
N7-years=203, and N9-years=160) were shipped to the CDC for measurement of 11 PBDE congeners 
(BDEs: 17, 28, 47, 66, 85, 99, 100, 153, 154, 183, and 209). The present study examines BDEs 
47, 99, 100 and 153, which were the most frequently detected congeners across study visits. 
Details of the analytic method have been previously published 21, 22. Briefly, samples were 
processed using automatic fortification with internal standards and extracted by automated liquid 
liquid extraction (Gilson Inc.; Middleton, WI). Analytic determinations were made by gas 
chromatography isotope dilution high resolution mass spectrometry. Final data were corrected 
for the median concentration detected in blank samples included in each analytic run (3 blanks 
per 30 samples). Lipids were co-extracted and removed on a silica: silica/sulfuric acid column 
using the Rapid Trace equipment (Biotage; Uppsala, Sweden). Total cholesterol and triglyceride 




(Roche Diagnostics; Indianapolis, IN). Child total plasma lipids were estimated from these 
measured components using the short formula described by Phillips et al.23 and cord plasma 
lipids were estimated using a recently-developed cord blood specific formula [total cord blood 
lipids = 2.66  ´ total cord blood cholesterol + cord blood triglycerides + 0.268, in g lipids/L 
plasma] (Sjödin A, personal communication).  
 
Statistical analysis 
We examined descriptive statistics and visualized age-specific distributions of BDEs-47, -99, -
100, and -153 using histograms and boxplots. We calculated within congener correlations over 
time, as well as correlations between congeners at each time point. Concentrations below the 
limit of detection (LOD) were imputed using a distribution-based multiple imputation method 
that accounts for sample-specific LOD values24. Distribution-based methods for imputing non-
detected concentrations have been shown to produce unbiased results, even in the presence of a 
large number of samples (50-70%) with non-detectable concentrations of certain analytes25.  
 
We examined temporal trends in exposure by regressing lipid-standardized, log10-transformed 
PBDE concentrations on year of sample collection. We built separate models for each congener 
and used the generalized estimating equations approach with an exchangeable working 
correlation to account for repeated measures within a child over time. We isolated effects driven 
by time, rather than age, by adjusting these models for exact age at blood collection, which we 





To examine trajectories of PBDE exposure over early life, we used latent class growth analysis 
(LCGA) to empirically estimate discrete groups of children with shared patterns of measured 
PBDE concentrations (ng/g lipid) from birth through age 9 years26. This approach models PBDE 
concentration as a continuous function of age at the time of blood collection and estimates the 
probability of trajectory membership for each child. It is well-suited for complicated data 
structures as it allows for inclusion of all children with PBDE concentrations measured at a 
minimum of one time point. We log10-transformed PBDE concentrations to better approximate a 
normal distribution and estimated models with varying numbers of groups (1–6) and shapes 
(linear, quadratic, cubic). We evaluated model fit using the Bayesian Information Criterion 
(BIC), as well as the magnitude of group membership posterior probabilities. 
 
We examined predictors of trajectory assignment by re-estimating final models with potential 
predictors included as covariates. For each variable, the probability of belonging to each 
trajectory is estimated through a multinomial logistic regression in which trajectory membership 
is treated as the outcome variable. In addition to date of birth, which we evaluated as a 
continuous variable in 3-year increments (1998-2000, 2001-2003, 2004-2006), we explored the 
following variables in bivariate models: ethnicity (African American vs. Dominican), gender 
(male vs. female), parity (nulliparous vs. multiparous), maternal age at delivery (>24 years vs. 
£24 years), maternal level of education (high school vs. less than high school), household 
material hardship (inability to afford food, housing, or clothing vs. access to all), breastfeeding 
duration ( ³12 weeks vs <12 weeks), presence of a smoker in the home (yes vs. no), and 
frequency of vacuuming (ever vs. never), dust mopping (ever vs. never), damp mopping (ever vs. 




multivariable models if the p-value from bivariate associations was less than 0.10 for any one of 
the trajectories across the four congeners. We conducted regression analyses using SAS v9.4 
(SAS Institute Inc., Cary, North Carolina) and performed LCGA using the Proc Traj procedure27.  
 
Results 
We measured PBDE concentrations in 903 samples collected repeatedly from birth to age 9 years 
among 334 children born between 1998 and 2006. All children were African American or 
Dominican. Table 1 presents sociodemographic and lifestyle characteristics of maternal-child 
pairs included in the analysis. These 334 children did not significantly differ at the p=0.05 level 
from the fully enrolled cohort (n=727) on any sociodemographic or lifestyle factor examined in 
this analysis with the following exceptions: children with a measure of PBDEs were more likely 
to be born to a nulliparous mother (50% vs. 40%), were more likely to live in a household that 
used a dust mop at the prenatal period (12% vs. 7%), and were less likely to live in a household 
that used a dust mop at the 7-year period (20% vs. 27%) or a damp mop at the 3-year period 
(63% vs. 70%).  To allow time to age in to the later study visits, children with PBDE measures 







Table 1. Characteristics of maternal-
child pairs (n=334). 
 n (%) 
Child birth: 1998-2000 183 (55) 
Child birth: 2001-2003 88 (26) 
Child birth: 2004-2006 63 (19) 
African American 124 (37) 
Dominican 210 (63) 
Maternal agea 129 (46) 
Maternal <H.S. educationa 117 (35) 
Nulliparousa 168 (50) 
Child sex (female) 182 (54) 
Breastfed < 12 weeks 217 (66) 
Smoker in home  
   Prenatal 114 (34) 
   3 years 71 (21) 
   7 years 49 (15) 
Material hardship (yes)  
   Prenatal 129 (39) 
   3 years 96 (31) 
   7 years 104 (36) 
Ever vacuum home  
   Prenatal 57 (17) 
   3 years 51 (17) 
   7 years 70 (22) 
Ever dust mop home  
   Prenatal 41 (12) 
   3 years 52 (16) 
   7 years 67 (20) 
Ever damp mop home  
   Prenatal 190 (57) 
   3 years 209 (63) 
   7 years 202 (60) 
Ever wet mop home  
   Prenatal 174 (58) 
   3 years 194 (61) 
   7 years 194 (64) 
aAt delivery 






Across samples and congeners (BDE-47, -99, -100, -153), LODs for cord and child plasma 
PBDE concentrations ranged from 0.29 to 11.59 ng/g and 0.45 to 20.20 ng/g lipid, respectively. 
PBDE concentrations were more frequently detected in child compared to cord plasma samples 
and at all ages BDE-47 was the most frequently detected congener (Table 2).  
 
Table 2. Summary of PBDE concentrations measured in umbilical cord and child plasma between birth 
and age 9 years (n=903 samples from 334 children).  
 Cord  
(n=327) 
Age 2  
(n=56) 
Age 3  
(n=115) 
Age 5  
(n=42) 
Age 7  
(n=203) 
Age 9  
(n=160) 
 BDE-47       
   GM±GSD (pg/g serum) 30.8±1.9 139.4±21.0 133.1±13.4 98.6±15.0 90.2±6.8 77.8±6.4 
   GM±GSD (ng/g lipid) 14.1±0.9 37.8±5.8 32.1±3.1 25.6±3.8 23.2±1.7 18.1±1.4 
   <LOD (n, %) 66 (20) 0 (0) 1 (1) 1 (2) 5 (2) 1 (1) 
    Non-reportable (n, %) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 
BDE-99       
   GM±GSD (pg/g serum) 8.7±0.4 42.8±7.8 34.6±3.6 23.9±3.9 23.1±1.8 19.5±1.6 
   GM±GSD (ng/g lipid) 3.7±0.2 18.1±11.7 8.2±0.9 6.1±1.0 5.8±0.5 4.4±0.4 
   <LOD (n, %) 161 (49) 1 (2) 9 (8) 7 (17) 40 (20) 30 (19) 
   Non-reportable (n, %) 1 (0.3) 13 (23) 9 (8) 0 (0) 0 (0) 0 (0) 
BDE-100       
   GM±GSD (pg/g serum) 6.7±0.3 26.6±3.9 27.5±2.5 23.3±3.5 20.7±1.4 17.6±1.4 
   GM±GSD (ng/g lipid) 2.9±0.2 7.2±1.1 6.6±0.6 6.0±0.9 5.3±0.4 4.0±0.3 
   <LOD (n, %) 191 (58) 0 (0) 5 (4) 4 (10) 17 (8) 12 (8) 
   Non-reportable (n, %) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (0.6) 
BDE-153       
   GM±GSD (pg/g serum) 5.7±0.2 18.0±2.5 20.4±1.8 23.4±3.7 25.1±1.6 23.7±1.8 
   GM±GSD (ng/g lipid) 2.6±0.1 4.8±0.7 4.9±0.4 6.1±1.0 6.4±0.4 5.5±0.4 
   <LOD (n, %) 204 (62) 1 (2) 7 (6) 4 (10) 12 (6) 9 (6) 
   Non-reportable (n, %) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (1) 
Total lipids (mg/dL) 236±11a 385±70b 433±77b 398±62b 406±79b 450±87b 
Abbreviations: GM: geometric mean, GSD: geometric standard deviation, LOD: limit of detection; 
PBDE: polybrominated diphenyl ether. 
aEstimated using: total cord blood lipids = 2.66 ´ cord blood total cholesterol + cord blood triglycerides 
+ 0.268, in g lipid/L plasma   






Geometric mean BDE-47 concentration were highest in samples collected at age 2 years (38±6 
ng/g lipid) and lowest in cord plasma samples (14±1 ng/g lipid); we observed a similar pattern 
for BDEs-99 and -100, however, while BDE-153 concentration were also lowest in cord plasma, 
it peaked at age 7 years (25.1±1.6 ng/g lipid vs. 5.7±0.2 in cord blood). Within congeners, PBDE 
concentration measured in cord plasma was poorly correlated with concentration measured in 
child plasma, however, concentrations measured between ages 2 and 9 years were moderately to 
highly correlated (see Supplemental Material, Table S1). Within age periods, BDEs-47, -99 and -
100 were moderately to highly correlated (minimum RSpearman: 0.76 in cord plasma to maximum 
RSpearman 0.96 in 3-year plasma) (see Supplemental Material, Table S2).  
 
Changes over time 
Controlling for child age at blood draw, BDEs-47, -99, -100 and -153 decreased by 
approximately 5%, 7%, 5%, and 2% per year between 1998 and 2013, respectively (Table 3 and 
Figure 1). When considering only samples collected during the postnatal period, which likely 
reflects direct exposure to PBDEs from the environment rather than from maternal transfer, 
concentrations decreased by 13%, 13%, 11%, and 11% per year between 2000 and 2013 for 






Figure 1. Changes in age-adjusted plasma PBDE concentration (ng/g lipid) between 1998 and 
2013 (n=903 samples from 334 children). Prenatal concentration was measured in cord plasma.  
 
Table 3. Change in cord or child plasma PBDE concentrations (ng/g lipid) over time in 
GEE models adjusting for age at sample collection.  






Cord & child samples (1998-2013)    
   BDE-47 -4.5 (-8.8, -2.3) 334 903 
   BDE-99 -6.7 (-8.8, -2.3) 334 880 
   BDE-100 -4.5 (-6.7, -0.9) 334 902 
   BDE-153 -2.3 (-6.7, 0.0) 334 901 
Child samples only (2000-2013)    
   BDE-47 -12.9 (-18.7, -8.8) 288 576 
   BDE-99 -12.9 (-18.7, -8.8) 285 554 
   BDE-100 -10.9 (-14.9, -6.7) 288 575 
   BDE-153 -10.9 (-14.9, -6.7) 281 574 
aPercent change calculated using: 1-(10b)´100, where b coefficient was estimated by 
regressing log10-transformed PBDE concentration on year of sample collection.  




Early life trajectories 
As illustrated by Figure 2, the best fitting LCGA model revealed four trajectories of BDEs-47, 
99, and 100. One trajectory was characterized by low PBDE concentrations at all ages 
(‘persistent low’). Two trajectories were defined by high concentrations during childhood, one of 
which showed a decrease after toddler years (‘early postnatal peak’) and a second that remained 
elevated throughout childhood (‘sustained postnatal high’). The fourth trajectory was 
characterized by high prenatal concentrations that decreased after birth (‘prenatal high’). Across 
these three congeners, the majority of children were assigned to the ‘persistent low’ (34-51%) or 
‘early postnatal peak’ (24-38%) trajectories. We identified three relatively age-invariant 
trajectories of BDE-153, which we refer to as ‘persistent low’, ‘sustained postnatal moderate’, 
and ‘sustained postnatal high’. Congener-specific sample sizes and frequencies for each 
trajectory are presented in Table 4. Owing to its small size (<10% of the sample), we do not plot 
the BDE-100 ‘prenatal high’ trajectory, nor do we examine it in regression models, however, we 
retained the trajectory as it improved LCGA model fit. Across congeners, the mean posterior 
probability of trajectory membership (0.7-0.9) met or exceeded the widely-accepted threshold for 
satisfactory group assignment (mean of 0.7), indicating a high likelihood that a child’s exposure 






Figure 2. Trajectories of plasma PBDE concentration (ng/g lipid) from birth through 9 years 




Table 4. Sample size of each PBDE exposure trajectory, N (%) 












BDE-47 113 (34) 68 (20) 116 (35) NA 37 (11) 
BDE-99 148 (44) 49 (15) 81 (24) NA 56 (17) 
BDE-100 155 (46) NA 117 (35) NA 32 (10) 




Predictors of trajectory assignment 
Figure 3 presents odds ratio (OR) estimates from multivariable multinomial models examining 
determinants of PBDE trajectory membership, which were fit within the LCGA modeling 
framework. In all models, the ‘persistent low’ trajectory serves as the reference category. Four 
children are excluded from these models due to missing information on breastfeeding history. 
 
Figure 3. Odds ratios (ORs) from multivariable multinomial models examining determinants of 
PBDE trajectories over early life.  
 
Legend: ORs from models examining breastfeeding as a predictor of the prenatal high trajectory 
not plotted due to the small number of breastfed children that were assigned to this trajectory and 





Consistent with changes in concentration over time, year of birth was the most important 
determinant of trajectory assignment; across congeners, children born later in the cohort were 
significantly less likely to be assigned to the ‘prenatal high’ (ORBDE-47=0.41, 95% CI: 0.20, 0.82; 
ORBDE-99=0.16, 95% CI: 0.07, 0.37), ‘early postnatal peak’ (ORBDE-47=0.31, 95% CI: 0.16, 0.62; 
ORBDE-99=0.28, 95% CI: 0.13, 0.59, ORBDE-100=0.33, 95% CI: 0.18, 0.61), or ‘sustained postnatal 
high’ (ORBDE-47=0.09, 95% CI: 0.02, 0.42; ORBDE-99=0.27, 95% CI: 0.13, 0.58, ORBDE-100=0.25, 
95% CI: 0.09, 0.64, ORBDE-153=0.38, 95% CI: 0.20, 0.69) versus the ‘persistent low’ trajectory. 
In addition to year of birth, the following variables met our criteria (bivariate p-value <0.10) for 
inclusion in multivariable models: ethnicity, maternal age at delivery, breastfeeding duration, 
presence of a cigarette smoker residing in the home, dust mopping the home, and damp mopping 
the home. For time-varying covariates (smoker in the home and household cleaning behaviors), 
we modeled predictors collected at the prenatal, 3-year and 7-year study visits for the ‘prenatal 
high’, ‘early postnatal peak’ and ‘sustained postnatal high’ trajectories, respectively.   
 
In general, across trajectories and congeners, African American (versus Dominican) ethnicity, 
younger maternal age at delivery, longer breastfeeding duration, and living in a household with 
an active smoker were associated with higher odds of assignment to the ‘prenatal high’, ‘early 
postnatal peak’ or ‘sustained postnatal high’ trajectories versus the ‘persistent low’ trajectory 
(see Figure 4). With regard to cleaning behaviors, dust mopping was associated with lower odds 
of assignment to the ‘sustained postnatal high’ BDE-47 trajectory, however, this association was 
imprecisely estimated given the relatively low prevalence of dust mopping in the cohort (20% at 




moderate or high trajectories of BDE-153, children in households that used a damp mop were 
more likely to be assigned to these groups.  
 
Discussion 
In the present analysis, we measured plasma PBDE concentrations in children over a 15-year 
period. Given our relatively large sample size and the frequency of repeated measures, this study 
provides one of the most comprehensive PBDE exposure assessments that has been conducted 
among children. Plasma PBDE concentrations were generally similar to those detected by other 
U.S.-based studies, except that we detected slightly lower concentrations of BDEs-47, -99 and -
100 at older ages and lower concentrations of BDE-153 at all ages (see Supplemental Material, 
Table S4). Controlling for age, we found that plasma concentrations of congeners in the 
pentaBDE technical mixture, which was phased out of U.S. commerce in 2004, significantly 
decreased between 1998 and 2013.  
 
In addition to changes over time, we used the LCGA framework to identify children with similar 
developmental patterns of PBDE exposure over early life. While this method is used extensively 
in psychology and the social sciences (i.e. criminology, econometrics, sociology), it has rarely 
been used in the field of epidemiology. When it has been applied, it has typically been used to 
model exposure to social risk factors (i.e. violence29, socioeconomic status30) or health outcomes 
(i.e. obesity31, wheeze32) over time. Despite its applicability to the field of exposure science, we 
know of no studies that have used LCGA to model changes in biomarker concentrations over 
time. Our finding of peak PBDE concentration during toddler years is consistent with results 




majority of children33. Other studies have found that PBDE concentration peaks between 4-6 
years34, which is consistent with our ‘sustained postnatal high’ trajectory. Overall, the presence 
of different developmental trajectories suggests that a single measure may not accurately reflect 
exposure to PBDEs throughout the early lifecourse. Further, while trajectories were generally 
similar for BDEs-47, -99 and -100, plasma concentrations of BDE-153 followed a unique 
pattern, indicating that summed measures of these congeners may reflect different proportional 
contributions from BDEs-47, -99, and -100 versus BDE-153 depending on the age at sample 
collection.  
 
We found that maternal age was associated with lower odds of assignment to the BDE-47 and 
BDE-99 ‘prenatal high’ trajectories, which is consistent with previous research35 and suggests 
that, unlike other legacy persistent organic pollutants36, PBDE body burdens may not increase 
with age among adults. Notably, lipophilic chemicals with long half-lives are not expected to 
differentiate from more rapidly eliminated chemicals until at least 20 years following peak 
exposure, thus it is plausible that the lack of an association between cord plasma PBDE 
concentrations and maternal age reflects the relatively limited temporal range of PBDE data that 
have been collected across studies, most of which were collected during the transition period 
following peak PBDE use37.  
 
Our finding that children born to African American (versus Dominican) mothers had higher odds 
of assignment to the ‘prenatal high’ trajectory likely reflect differences in maternal body burden 
related to lifetime residential history. Specifically, while all study children were born in New 




where PBDEs may not have been used as extensively in consumer products. We observed a 
similar effect of ethnicity on assignment to the ‘sustained postnatal high’ trajectory, which may 
reflect differences in cleaning behaviors or other cultural differences between African American 
and Dominican households.  
 
Consistent with previous research demonstrating breastfeeding as a pathway of PBDE 
exposure11, children who were breastfed 12 weeks or longer were more likely to be assigned to 
the sustained postnatal high trajectory. Unexpectedly, breastfed children were also more likely to 
have high prenatal BDE plasma concentrations. In this cohort, breastfeeding (<12 weeks vs. ³ 12 
weeks) was associated with indicators of low socioeconomic status, such as material hardship 
(OR=1.66, 95% CI: 1.20, 2.82). It is possible that breastfeeding is serving as an indicator of 
unmeasured cultural or socioeconomic factors associated with PBDEs, such as the use of second-
hand or deteriorating household furniture, which may be more likely to contain (due to older age) 
and leach (due to greater wear and tear) PBDEs. Children born into households with an active 
smoker were also more likely to be assigned to the ‘prenatal high’ trajectory. The direction of 
this finding is consistent with the results of a U.S.-based study that detected higher hand wipe 
PBDE concentrations among young children living in homes with an active smoker38. It is 
unlikely that cigarettes are a direct source of PBDEs, however, similar to our breastfeeding 
findings, it is possible that smoking may serve as an indicator of unmeasured socioeconomic 
factors related to PBDE exposure.  
 
With regard to cleaning behaviors, children in households that used a dust mop were less likely 




in households that reported using a damp mop were more likely to have moderate or high BDE-
153 concentrations throughout childhood. While unexpected, this later finding is consistent with 
results from the Spain-based INMA cohort, which found more frequent housekeeping (>1 times 
/week, including sweeping, vacuuming, dusting, and mopping) was associated with significantly 
higher serum concentrations of BDE-153, but not the other congeners, among pregnant women39. 
The U.S. Environmental Protection Agency recommends that parents dust, wet mop and use a 
vacuum with a high efficiency particulate air (HEPA) filter to reduce children’s exposure to 
flame retardants in dust40; however, given our inconsistent findings related to cleaning behaviors, 
further research, including household intervention studies, is need to better understand what 
behavioral modifications are most effective for reducing exposure. 
 
Strengths of our study include the large sample size, variation in both the chronological date and 
child age of blood collection, and the rich set of prospectively collected covariate data, including 
information on cleaning behaviors. Specific strengths of LCGA include the ability to retain all 
children with data at a minimum of one follow-up period, as well as the ability to include a wide 
range of variation in the age at blood draw within follow-up periods. However, although our data 
met the generally accepted posterior probability threshold for trajectory assignment, it is possible 
that some children were misclassified, which may have biased our findings towards the null.  
 
Concurrent with the voluntary 2004 industry phase-out of pentaBDE, New York State passed an 
environmental law that codified the prohibition of pentaBDE production and use41. Despite these 
regulatory changes, PBDEs continue to leach from existing consumer products and migrate into 




80% of cord plasma samples collected between 1998 and 2006, and 100% of child (ages 2-9 
years) samples collected between 2000 and 2013. Our findings of several unique PBDE 
trajectories may inform future research studies as well as interventions designed to target specific 
windows of peak exposure. Importantly, in the United States, the majority of furniture and other 
household items containing polyurethane foam are disposed of in landfills. For example, 
approximately 1.3 million tons of carpet/padding, furniture, and other bulky items were disposed 
of in California landfills in the year 2004 alone42. As more PBDE-containing items enter end-of-
life waste streams in the coming decades, shifts in environmental contamination patterns due to 
leaching from outdoor reservoirs may trigger a transition in human exposure pathways from dust 
to dietary sources (fatty fish, seafood, meat, dairy)43. As time since the pentaBDE phase-out 
progresses, monitoring landfills, surrounding environmental media, and wildlife will be critical 
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Table S1. Within congener Spearman correlation coefficients (p-values) between plasma 
PBDE concentrations measured between birth and age 9 years.  
 Birth Age 2 Age 3 Age 5 Age 7 Age 9 
BDE-47       
   Birth 1.00      
   Age 2 -0.03 (0.82) 1.00     
   Age 3 0.09 (0.36) 0.79 (<0.01) 1.00    
   Age 5 0.35 (0.02) 0.80 (<0.01) 0.77 (0.07) 1.00   
   Age 7 0.17 (0.02) 0.33 (0.04) 0.33 (<0.01) 0.61 (<0.01) 1.00  
   Age 9 0.12 (0.13) 0.39 (0.01) 0.15 (0.38) 0.31 (0.07) 0.80 (<0.01) 1.00 
BDE-99       
   Birth 1.00      
   Age 2 0.04 (0.78) 1.00     
   Age 3 0.09 (0.36) 0.83 (<0.01) 1.00    
   Age 5 0.32 (0.04) 0.63 (0.02) 0.49 (0.33) 1.00   
   Age 7 0.13 (0.06) 0.36 (0.04) 0.41 (<0.01) 0.62 (<0.01) 1.00  
   Age 9 0.10 (0.20) 0.36 (0.06) 0.35 (0.06) 0.24 (0.16) 0.77 (<0.01) 1.00 
BDE-100       
   Birth 1.00      
   Age 2 0.21 (0.13) 1.00     
   Age 3 0.22 (0.02) 0.89 (<0.01) 1.00    
   Age 5 0.18 (0.26) 0.82 (<0.01) 0.83 (0.04) 1.00   
   Age 7 0.13 (0.07) 0.42 (<0.01) 0.36 (<0.01) 0.72 (<0.01) 1.00  
   Age 9 0.10 (0.20) 0.45 (<0.01) 0.31 (0.07) 0.36 (0.03) 0.86 (<0.01) 1.00 
BDE-153       
   Birth 1.00      
   Age 2 0.26 (0.05) 1.00     
   Age 3 0.12 (0.22) 0.89 (<0.01) 1.00    
   Age 5 0.40 (<0.01) 0.84 (<0.01) 0.71 (0.11) 1.00   
   Age 7 0.10 (0.14) 0.70 (<0.01) 0.63 (<0.01) 0.87 (<0.01) 1.00  






Table S2. Between congener Spearman correlation coefficients (p-values) for plasma 
PBDE concentrations measured repeatedly between birth and age 9 years.  
Birth (n=327) BDE-47 BDE-99 BDE-100 BDE-153 
   BDE-47 1.00    
   BDE-99 0.83 (<0.01) 1.00   
   BDE-100 0.76 (<0.01) 0.79 (<0.01) 1.00  
   BDE-153 0.47 (<0.01) 0.50 (<0.01) 0.66 (<0.01) 1.00 
Age 2 (n=56)     
   BDE-47 1.00    
   BDE-99 0.94 (<0.01) 1.00   
   BDE-100 0.93 (<0.01) 0.92 (<0.01) 1.00  
   BDE-153 0.75 (<0.01) 0.71 (<0.01) 0.89 (<0.01) 1.00 
Age 3 (n=115)     
   BDE-47 1.00    
   BDE-99 0.96 (<0.01) 1.00   
   BDE-100 0.94 (<0.01) 0.91 (<0.01) 1.00  
   BDE-153 0.76 (<0.01) 0.73 (<0.01) 0.90 (<0.01) 1.00 
Age 5 (n=42)     
   BDE-47 1.00    
   BDE-99 0.92 (<0.01) 1.00   
   BDE-100 0.88 (<0.01) 0.81 (<0.01) 1.00  
   BDE-153 0.58 (<0.01) 0.55 (<0.01) 0.82 (<0.01) 1.00 
Age 7 (n=203)     
   BDE-47 1.00    
   BDE-99 0.93 (<0.01) 1.00   
   BDE-100 0.92 (<0.01) 0.90 (<0.01) 1.00  
   BDE-153 0.49 (<0.01) 0.51 (<0.01) 0.67 (<0.01) 1.00 
Age 9 (n=160)     
   BDE-47 1.00    
   BDE-99 0.94 (<0.01) 1.00   
   BDE-100 0.90 (<0.01) 0.89 (<0.01) 1.00  












Table S3. BIC and 2log,(B-.) for evaluating LCGA model fit 
Null vs. Alternative model BIC 𝟐𝐥𝐨𝐠𝐞(𝐁𝟏𝟎) ≈ 𝟐(∆𝐁𝐈𝐂) 
BDE-47   
   2 vs 3 -579.59 vs -571.88 15.42 
   3 vs 4 -571.88 vs -558.10 27.56 
   4 vs 5 -558.10 vs -552.37 11.46 
   5 vs 6 -552.37 vs -554.36 -3.98 
BDE-99   
   2 vs 3 -505.75 vs -496.44 18.62 
   3 vs 4 -496.44 vs -483.93 25.02 
   4 vs 5 -483.93 vs -480.39 7.08 
   5 vs 6 -480.49 vs -475.42 10.14 
BDE-100   
   2 vs 3 -412.02 vs -399.98 24.08 
   3 vs 4 -399.98 vs -363.40 73.16 
   4 vs 5 -363.40 vs -366.19 -5.58 
   5 vs 6 -366.19 vs -362.75 6.88 
BDE-153   
   2 vs 3 -223.13 vs -192.72 60.82 
   3 vs 4 -192.72 vs -186.56 12.32 
   4 vs 5 N/Aa  
   5 vs 6 N/Aa  
2log;(𝐵-.): interpreted as the degree of evidence favoring the alternative model 
























Table S4. Comparison of geometric mean PBDE concentrations (ng/g lipid) measured in 
child plasma or serum samples by several recent U.S.-based studies. 











Vuong 2017  OH Longitudinal 76 1 66.3 19.0 11.2 7.7 
Sjodin 2014a  TX Cross sectional 50 0-2 15.4 3.9 2.4 3.3 
Vuong 2017  OH Longitudinal 61 2 55.6 13.5 11.0 9.2 
Cowell (present) NY Longitudinal 56 2 37.8 18.1 7.2 4.8 
Lunder 2010a U.S. Cross sectional 20 1-3 30.6 6.2 6.2 12.5 
Stapleton 2012  NC Cross sectional 77 1-3 23.3 6.4 5.0 5.3 
Vuong 2017  OH Longitudinal 61 3 41.1 9.3 9.1 9.3 
Cowell (present) NY Longitudinal 115 3 32.1 8.2 6.6 4.9 
Sjodin 2014a TX Cross sectional 50 2-4 26.1 7.6 6.0 6.6 
Jacobson 2016 GA Cross sectional 80 1-5 36.2 9.7 4.0 6.0 
Rose 2010 CA Cross sectional 94 2-5 61.9 25.0 21.4 20.4 
Sjodin 2014a  TX Cross sectional 50 4-6 55.7 13.3 12.0 14.1 
Wu 2015 CA Cross sectional 67 2-8 61.8 13.0 12.7 16.1 
Vuong 2017  OH Longitudinal 127 5 33.3 7.9 8.2 11.6 
Cowell (present) NY Longitudinal 42 5 25.6 6.1 6.0 6.1 
Eskenazi 2013 CA Longitudinal 270 7 47.3 11.1 10.7 12.2 
Cowell (present) NY Longitudinal 203 7 23.2 5.8 5.3 6.4 
Sjodin 2014a  TX Cross sectional 50 6-8 28.7 6.2 8.3 12.5 
Vuong 2017  OH Longitudinal 173 8 21.2 5.0 5.0 9.8 
Windham 2010 CA/OH Cross sectional 599 6-9 42.8 9.6 9.8 13.7 
Sagiv 2015 CA Longitudinal* 546 9 35.2 7.8 7.6 9.5 
Cowell (present) NY Longitudinal 160 9 18.1 4.4 4.0 5.5 
Sjodin 2014a TX Cross sectional 50 8-10 26.4 6.7 6.1 10.2 
Gump 2014b NY Cross sectional 43 10 8.5 2.3 0.9 NA 
Sjodin 2014  TX Cross sectional 50 10-13 21.2 5.4 4.6 10.9 















Figure S1. Age-specific comparisons of infant and child PBDE concentrations across several 




White circles outlined in color indicate concentration measured in maternal (versus cord) blood 
at the prenatal period. The size of the circle indicates relative sample size. References: 






Supplemental Material References 
 
Gump, B.B., S. Yun, and K. Kannan. 2014. Polybrominated diphenyl ether (pbde) exposure in 
children: possible associations with cardiovascular and psychological functions. Environmental 
Research 132: 244-50. 
Eskenazi B, Chevrier J, Rauch SA, Kogut K, Harley KG, Johnson C, et al. 2013. In utero and 
childhood polybrominated diphenyl ether (pbde) exposures and neurodevelopment in the 
CHAMACOS study. Environmental health perspectives 121:257-262. 
Jacobson, M.H., Barr, D.B., Marcus, M., Muir, A.B., Lyles, R.H., Howards, P. P., et al. 2016. 
Serum polybrominated diphenyl ether concentrations and thyroid function in young children. 
Environmental Research 149: 222-30. 
 
Lunder, S., Hovander, L., Athanassiadis, I., and Bergman, A. 2010. Significantly higher 
polybrominated diphenyl ether levels in young U.S. children than in their mothers. 
Environmental Science Technology 44(13): 5256-62. 
 
Rose, M., Bennett, D.H., Bergman, A., Fangstrom, B., Pessah, I.N., and Hertz-Picciotto, I. 2010. 
PBDEs in 2-5 year-old children from California and associations with diet and indoor 
environment. Environmental Science Technology 44(7): 2648-53. 
 
Sagiv SK, Kogut K, Gaspar FW, Gunier RB, Harley KG, Parra K, et al. 2015. Prenatal and 
childhood polybrominated diphenyl ether (pbde) exposure and attention and executive function 
at 9-12 years of age. Neurotoxicology and teratology 52:151-161 
 
Sjodin, A., Schecter, A., Jones, R., Wong, L., Colacino, J.A., Malik-Bass, N., et al. 2014. 
Polybrominated diphenyl ethers, 2,2',4,4',5,5'-hexachlorobiphenyl (pcb-153), and p,p'-
dichlorodiphenyldichloroethylene (p,p'-dde) concentrations in sera collected in 2009 from Texas 
children. Environmental Science Technology 48(14): 8196-202. 
 
Stapleton, H.M., Eagle, S., Sjodin, A., and Webster, T.F. 2012. Serum PBDEs in a North 
Carolina toddler cohort: associations with handwipes, house dust, and socioeconomic variables. 
Environmental Health Perspectives 120(7): 1049-54. 
 
Vuong AM, Braun JM, Yolton K, Xie C, Webster GM, Sjodin A, et al. 2017. Prenatal and 
postnatal polybrominated diphenyl ether exposure and visual spatial abilities in children. 
Environmental research 153:83-92 
 
Windham, G.C., Pinney, S.M., Sjodin A, Lum R, Jones, R.S., Needham, L.L., Biro, F.M., et al. 
2010. Body burdens of brominated flame retardants and other persistent organohalogenated 




CHAPTER 4: Associations between prenatal and childhood PBDE exposure and early 
adolescent visual, verbal and working memory 
Whitney J. Cowell1,2, Amy Margolis1,3, Virginia A. Rauh1,4, Andreas Sjödin5, Richard Jones5, Ya 
Wang1,6, Wanda Garcia,1,4 Frederica Perera1,2, Shuang Wang1,6, Julie B. Herbstman1,2 
 
1Columbia Center for Children’s Environmental Health, Mailman School of Public Health, 
Columbia University, New York, NY 10032 USA  
2Department of Environmental Health Sciences, Mailman School of Public Health, Columbia 
University, New York, NY 10032 USA  
3Department of Child and Adolescent Psychiatry, Columbia University, New York, NY 10032 
USA 
4Heilbrunn Department of Population and Family Health, Mailman School of Public Health, 
Columbia University, New York, NY 10032 USA  
4Division of Laboratory Sciences, National Center for Environmental Health, Centers for 
Disease Control and Prevention, Atlanta, GA 30341 USA 
6Department of Biostatistics, Mailman School of Public Health, Columbia University, New 
York, NY 10032 USA  
 
Address correspondence to: Julie B. Herbstman, Columbia Center for Children’s 
Environmental Health, 12th Fl, Mailman School of Public Health, 722 West 168th St, New York, 
NY 10032 USA. Telephone: (212) 304-7273. Fax: (212) 544-1943. E-mail: 
jh2678@cumc.columbia.edu 
 
Running title: Early life exposure to PBDEs and children’s memory 
 
Acknowledgements: This research was supported by: NIH R01 ES021806 and NIH 
R01DA027100.  During preparation of this manuscript, WJC was supported by NIH T32 
ES023772, NIH T32 ES007322 and EPA FP-91779001. 
 
Disclaimer: The findings and conclusions in this publication are those of the authors and do not 
necessarily represent the official position of the Centers for Disease Control and Prevention. Use 
of trade names is for identification only and does not imply endorsement by the CDC, the Public 
Health Service, or the US Department of Health and Human Services. This publication was 
developed under STAR Fellowship Assistance Agreement no. FP-91779001 awarded by the U.S. 
Environmental Protection Agency (EPA). It has not been formally reviewed by the EPA. The 
views expressed in this publication are solely those of the authors.  
 
Keywords: PBDE, flame retardant, prenatal, trajectory, childhood, memory 
 
Publication status: Submitted to Environment International special issue on children’s health 





Background: Prenatal and childhood exposure to polybrominated diphenyl ether (PBDE) flame 
retardants has been inversely associated with cognitive performance, however, few studies have 
measured PBDE concentrations in samples collected during both prenatal and postnatal periods.  
Methods: The study population included a subset (n=212) of children enrolled in a New York 
City-based birth cohort. We examined prenatal (cord) and childhood (ages 2, 3, 5, 7 and 9 years) 
plasma PBDE concentrations in relation to memory outcomes assessed between the ages of 9 and 
14 years. We used multivariable linear regression to examine associations between continuous 
log10-transformed PBDE concentrations and performance on tests of visual, verbal and working 
memory in age-stratified models. We additionally used latent class growth analysis to examine 
trajectories of PBDE exposure across early life in relation to memory outcomes. We examined 
interactions between PBDE exposure and sex using cross-product terms.   
Results. Children with sustained high PBDE concentrations across childhood scored 
approximately 5-8 standard score points lower on tests of visual memory. Associations between 
prenatal exposure and working memory significantly varied by sex (p-int= 0.02), with a 
significant inverse relationship observed only among girls (i.e. bBDE-47 = -7.55, 95% CI: -13.84, -
1.24). Children with PBDE concentrations that peaked during toddler years performed better on 
verbal domains, however, this association was significant only among children breastfed > 12 
weeks.  
Conclusion. Exposure to PBDEs during both prenatal and postnatal periods may disrupt memory 
domains in early adolescence. These findings contribute to a substantial body of evidence 





Polybrominated diphenyl ethers (PBDEs) are a class of organohalogenated flame retardant 
chemicals that were used extensively in furniture and furnishings to meet United States fire 
safety standards until their phase-out between 2004 and 2013 (Abbasi et al. 2015). Exposure to 
PBDEs occurs primarily through incidental ingestion of dust (EPA 2010) and owing to their 
lipophilicity, PBDEs readily penetrate the placenta (Leonetti et al. 2016) and partition into 
breastmilk (Carrizo et al. 2007). 
 
Mounting evidence supports an association between prenatal exposure to PBDEs and disrupted 
cognitive outcomes in children (Lam et al. 2017; Roth and Wilks 2014). Importantly, the brain 
continues to develop postnatally, remaining vulnerable to insult by environmental toxicants 
throughout childhood (Grandjean and Landrigan 2014). Additionally, research indicates PBDE 
exposure may peak during toddler years due to breastfeeding, as well as increased ingestion of 
dust from close proximity to the floor and frequent hand to mouth behavior (Fromme et al. 
2016). Despite these factors, limited research has examined neurodevelopmental effects 
associated with PBDE concentrations measured during both prenatal and postnatal periods 
(Eskenazi et al. 2013; Gascon et al. 2011; Vuong et al. 2017).  
 
In the present study, we examined associations between plasma PBDE concentrations measured 
repeatedly throughout the early lifecourse (birth through age 9 years) in relation to several 
subdomains of memory measured during early adolescence. We selected memory outcomes 
based on the results of animal research demonstrating inverse associations between PBDEs and 




al. 2003; Viberg et al. 2006), as well as findings from human studies demonstrating inverse 




Study design and participants 
The Columbia Center for Children’s Environmental Health (CCCEH) Mothers and Newborns 
study is a longitudinal birth cohort of African American and Dominican mother-child pairs in 
Northern Manhattan and the South Bronx. Additional details describing the study design and 
participant recruitment have been previously published (Perera et al. 2006). Eligible (healthy, 18-
35-year old women free of tobacco and illicit drug use who initiated prenatal care by the 20th 
week of gestation) participants were recruited between 1998 and 2006 from two prenatal clinics. 
At the time of delivery, 727 mother-child pairs remained eligible and were fully enrolled into the 
cohort.  
 
Bilingual research staff conducted structured participant interviews during the prenatal period, 
after delivery, and repeatedly during childhood (3 months, 6 months, 1, 2, 3, 5, 7, 9, 11, and 14 
years) to collect information on demographic and lifestyle factors. As previously described 
(Rauh et al. 2004), prenatal exposure to environmental tobacco smoke was assessed using a 
combination of questions about smokers in the home and validated by blood cotinine 
concentrations. Maternal distress was evaluated using the Psychiatric Epidemiology Research 
Instrument- Demoralization (PERI-D) scale (Dohrenwend et al. 1981) and material hardship was 




(Mayer and Jencks 1988). At the 3-year follow-up visit, maternal non-verbal intelligence was 
assessed using the Test of Nonverbal Intelligence, 2rd Edition (TONI-II) (Brown et al. 1997) and 
the child’s living environment was evaluated using the Home Observation for Measurement of 
the Environment (HOME) Early Childhood Inventory, which was completed during a visit to the 
family’s home (Caldwell and Bradley 2003). The HOME inventory is designed to evaluate 
stimulation and support available to children within their family surroundings and includes 8 
areas of emphasis, including academic stimulation. Information on birth weight and gestational 
age was abstracted from medical records.  Breast feeding history (initiation and duration) was 
assessed by questionnaire at multiple visits during early life (6 months – 36 months). 
 
Before each visit, mothers signed a letter of informed consent and children ≥7 years additionally 
signed a letter of informed assent. Study procedures were approved by the Institutional Review 
Boards of Columbia University Medical Center and the New York State Psychiatric Institute. 
The involvement of the Centers for Disease Control and Prevention (CDC) was determined not 
to constitute engagement in human subjects’ research. 
 
Memory Assessment 
Trained research staff administered the Children’s Memory Scale (CMS) to children between the 
ages of 9 and 14 years (mean±SD: 11.1±1.1). The CMS is designed to measure memory and 
learning across three domains (auditory/verbal, visual/non-verbal and attention-concentration) in 
children and adolescents (Cohen 1997). We examined scores from the Attention-Concentration, 
Verbal Memory and Visual Memory indices, which are age-scaled and standardized against a 




visual domains, we assessed scores on immediate indices, which reflect the ability to process, 
organize and hold material in short-term memory. Similarly, the Attention-Concentration Index 
assesses the ability to hold and simultaneously manipulate information and thus places a heavy 
demand on auditory working memory (Cohen 1997). Sixteen children were excluded from 
models examining the Attention-Concentration Index scale because they were not administered 
one of the two core subtests due to factors unrelated to the child. At the time of CMS testing, 
child self-report of anxiety was ascertained using the Revised Children’s Manifest Anxiety Scale 
(RCMAS), which is a brief self-report inventory designed to measure the degree and nature of 
anxiety (Reynolds and Richond 1985).  
 
PBDE exposure assessment 
We measured PBDE concentrations in 903 stored plasma samples collected from 334 children 
between birth and age 9 years (Ncord=327, N2-years=56, N3-years=115, N5-years=42, N7-years=203, and 
N9-years=160). Details pertaining to sample collection and analysis of PBDE concentrations in this 
cohort have been previously published (Cowell et al. under review). Briefly, hospital staff 
collected umbilical cord blood at the child’s delivery and a pediatric phlebotomist collected child 
venous blood at 2, 3, 5, 7 and 9-year follow-up visits. All samples were immediately transported 
to the CCCEH laboratory, processed and stored in multiple aliquots at -70C.  
 
Plasma PBDE concentrations were measured by the CDC using gas chromatography isotope 
dilution high-resolution mass spectrometry on a DFS instrument (ThermoFisher, Bremen, 
Germany) (Jones et al. 2012; Sjodin et al. 2004). Before final analytic determinations were made, 




(Gilson Inc., Middleton, WI). Blanks (N=3) were processed with every 30 samples and the 
median blank value was subtracted from the final result. Lipids were co-extracted using a Rapid 
Trace modular SPE work station (Biotage, Uppsala, Sweden) and total cholesterol and 
triglycerides were measured using commercially available test kits (Roche Diagnostics, 
Indianapolis, IN). We estimated total cord blood lipids using a recently developed cord blood-
specific formula [total cord blood lipids = 2.66  ´ total cord blood cholesterol + cord blood 
triglycerides + 0.268, in g lipids/L plasma] (Sjodin A, unpublished data) and child blood lipids 
using the short formula described by Philips et al. 1989 (Phillips et al. 1989).  
 
The limits of detections (LODs) for BDE-47 ranged from 0.69 to 11.59 ng/g lipid for cord 
plasma samples and 1.10 to 20.20 for child plasma samples. For the other three congeners 
investigated (BDEs-99, 100 and 153), LODs ranged from 0.29 to 5.46 ng/g lipid for cord plasma 
and 0.45 to 6.40 ng/g lipid for child plasma. As previously described (Cowell et al. in press), we 
imputed concentrations less than the sample-specific LOD from a normal probability distribution 
of natural-log transformed detected concentrations with an equal or lower LOD. To incorporate 
uncertainty introduced by imputation, we repeated this procedure 10 times. Given variation in 
detection frequencies for cord plasma (BDE-47: 80%, BDE-99: 51%, BDE-100: 42%, BDE-153: 
38%) versus child plasma (across ages 2-9 years: BDE-47: 100%, BDE-99: 80-98%, BDE-100: 
90-100%, BDE-153: 90-98%), we used congener-specific detected plasma concentrations from 
cord or child samples to impute concentrations for non-detectable concentrations in cord or child 
samples, respectively.  
 




(polychlorinated biphenyls (PCBs)) or indoor (lead, chlorpyrifos) exposure sources. Cord plasma 
polychlorinated biphenyl (PCB) concentrations were measured simultaneous to PBDE 
measurement, chlorpyrifos concentrations were measured by gas chromatography isotope 
dilution high-resolution mass spectrometry as previously described (Rauh et al. 2006), and cord 
blood lead was measured by Zeeman graphite furnace atomic absorption spectrometry with a 
phosphate/Triton X-100/nitric acid matrix modifier.  
 
Statistical analysis 
As illustrated by Figure 1, of the 334 children with at least one measure of PBDEs, 212 also 
completed neurodevelopmental testing and were included in this analysis.  
 
Figure 1. Diagram of study enrollment and follow-up. 
 
We examined log10-transformed, lipid-standardized PBDE concentrations (ng PBDE/g lipid) 
measured in plasma collected at the prenatal (n=208), 3-year (n=70), 7-year (n=158), and 9-year 
(n=128) follow-up visits in relation to scores on the CMS Attention-Concentration, Verbal 




continuous PBDE concentrations at the 2=year (n=41) or 5-year (n=35) follow-up visits given 
the small sample sizes at these ages. We performed regression analyses on each of the 10 
datasets with imputed concentrations for non-detectable samples and pooled resulting parameter 
estimates following Rubin’s rules (Rubin 1987).  
 
To better understand the neurodevelopmental impacts of cumulative exposure across childhood, 
we additionally examined CMS scores in relation to trajectories of PBDE concentrations, which 
we estimated using latent glass growth analysis (LCGA) as previously described (Cowell et al. 
under review). Briefly, LCGA is a discrete mixture method for clustering individuals with 
similar patterns of a characteristic of interest (i.e. PBDE concentrations) over time (Nagin 2005; 
Nagin 2014). We fit trajectories using log10-transformed PBDE concentrations (ng/g lipid) and 
selected the best fitting model for each congener using the Bayesian Information Criterion, as 
well as the probability of correct trajectory membership. Before fitting trajectories, we replaced 
non-detectable PBDE concentrations with the child’s age- and congener-specific mean 
concentration from the 10 multiply imputed datasets. We found that across the four congeners, 
one group of children was characterized by low exposure at all ages (“persistent low”) and a 
second group was characterized by low prenatal exposure that increased during the toddler years 
and remained high throughout childhood (“sustained childhood high”). For BDEs 47, 99 and 
100, concentrations among a third group of children increased between birth and toddler years, 
but subsequently decreased (“early postnatal peak”) and concentrations among a fourth group 
were highest during the prenatal period (“prenatal high”). Finally, for BDE-153, we did not 
detect an “early postnatal peak” trajectory, but rather a group of children with “sustained 




plots PBDE trajectories). In the present analysis, we used multivariable regression to examine 
associations between trajectory membership, treated as a categorical variable, and continuous 
index scores from the CMS. In all models, we treated the ‘persistent low’ trajectory as the 
reference group.  
 
We explored the following potential confounders: ethnicity (African American/Dominican), 
parity (nulliparous/multiparous), prenatal environmental tobacco smoke exposure (ever/never), 
maternal age at delivery (years), maternal education at the time of pregnancy (< high school/ ³ 
high school degree or equivalent), maternal employment during pregnancy 
(employed/unemployed), maternal relationship status during pregnancy (married or with the 
same partner for more than 7 years/not in a stable relationship), gestational age (weeks), birth 
weight (grams), breastfeeding history of the study child (continuous, in weeks), maternal non-
verbal intelligence, maternal demoralization during pregnancy, total and academic HOME 
Inventory scores at age 3 years, material hardship at delivery and at the time of CMS testing 
(inadequate access to food, housing or clothing/adequate access to all), primary language spoken 
in the home at the 3-year visit (English or English and Spanish/Spanish), child exact age at CMS 
testing (days), and child anxiety at the time of testing measured by the Total Anxiety score 
derived from the RCMAS.  
 
We evaluated bivariate associations between covariates and each independent (continuous or 
trajectories of PBDE concentrations) and dependent (CMS index scores) variable and 
constructed congener-specific directed acyclic graphs (DAGs) to identify the set of observed 




final models for ethnicity, exact age at CMS testing, maternal nonverbal intelligence, maternal 
education, maternal employment, parity, birth weight, and breastfeeding history of the study 
child. We additionally a priori adjusted models for date of birth (continuous, in days) to account 
for differences in exposure among children born earlier versus later during the enrollment period, 
which spanned the U.S. pentaBDE phase-out. Given sexually dimorphic patterns of brain 
development, we examined interactions between sex and PBDE concentrations using cross 
product terms and stratified models.  
 
We visually inspected residual plots to confirm normality of residuals and examined the impact 
high and low CMS scores by excluding children with an outlying score, defined as a value more 
than 1.5 times the interquartile range below or above the first or third quartile, respectively. In 
models examining PBDE trajectories, we evaluated the impact of potential misclassification by 
modeling associations subset on children with a high posterior probability of correct trajectory 
assignment (<60%). In sensitivity analyses, we evaluated correlations between cord plasma 
PBDE concentrations (ng/g lipid) and cord blood concentrations of PCBs, lead and chlorpyrifos. 
If significant correlations were observed, we examined models adjusting for the relevant co-
exposure.  
 
We constructed DAGs using DAGitty v2.3 and conducted regression analyses using SAS v9.4 
(SAS Institute Inc., Cary, North Carolina). We performed LCGA model estimation using the 







Children included in final models were African American (43%) or Dominican (57%). At 
delivery, 38% of mothers had less than a high school education, 51% were first time mothers, 
and 19% breastfed the study child for more than 12 weeks. Detailed characteristics of the study 
population are presented in Table 1. CMS scores were normally distributed with means±standard 
deviations (SD) of 94±16, 99±13 and 95±16 on the Attention-Concentration, Visual Memory and 
Verbal Memory indices, respectively. Scores were not significantly different between boys and 
girls for any of these indices. Compared to children without a measure of PBDEs or CMS testing 
(n=515), those included in final models weighed more at birth (mean: 145 grams) and were more 
frequently a firstborn child (51% versus 42%). We detected no other differences between the 334 
maternal-child pairs with a measure of PBDEs and the 727 fully enrolled pairs, or between those 
with CMS scores and PBDEs (n=212) compared to those fully enrolled or compared to those 

























Table 1. Characteristics of participants with plasma 
PBDE concentrations and CMS scores (n=212) 
Maternal characteristicsa 
Mean±SD 
or n (%) 
   Age 25.2±5.1 
   <High school education 80 (38) 
   Employed 120 (56) 
   Stable relationship 49 (23) 
   Nulliparous 108 (51) 
   Nonverbal intelligence 84.1±13.1 
   Demoralization 1.2±0.6 
Child characteristics  
   Birth weight (kg) 3.5±0.5 
   Gestational age (weeks) 39.4±1.3 
   African American 92 (43) 
   Dominican 120 (57) 
   Girl 119 (56) 
   Breastfed ³ 12 weeks 67 (32) 
   Anxiety score at CMS testingb 9.5±6.2 
   Age at CMS testing (years) 11.1±1.1 
Household characteristics  
   Material hardship at deliveryb 85 (41) 
   Material hardship at CMS testingb 81 (39) 
   Primarily Spanish-speaking home (age 3) 88 (42) 
   HOME academic scoreb (age 3) 4.3 (1.0) 
   HOME total scoreb (age 3) 39.3 (6.5) 
   Environmental tobacco smoke 77 (36) 
HOME: Home Observation for Measurement of the 
Environment; RCMAS: Revised Children’s Manifest 
Anxiety Scale.  aMeasured prenatally unless otherwise 
noted. bMissing (n): material hardship at delivery (5) and 
at CMS testing (2), HOME score (6), RCMAS Total 





BDEs-47, 99, 100 and 153 were the most frequently detected congeners. At all ages, BDE-47 
concentrations predominated samples; concentrations were lowest in cord blood (geometric 
mean±geometric standard deviation: 14.1±0.9) and highest during toddler years (age 2: 37.8±5.8, 
age 3: 32.1±3.1). As illustrated by Figure 2, across congeners, PBDE concentrations and 
detection frequencies were consistently higher in child (range across congeners and postnatal 
visits: 80-100%) compared to cord blood (range across congeners: 38-80%). Additional details 
describing PBDE detection frequencies and concentrations at each age, as well as correlations 
between congeners within age periods and within congeners over age periods among children in 






Figure 2. Distribution of plasma PBDE concentrations (ng/g lipid) by study visit (n=903 data 
points from 334 children). 
 
 
Legend: Value of PBDE concentrations less than the limit of detection (<LOD) is the mean of 




Attention-Concentration Index (ACI)  
We detected a significant interaction between sex and log10-transformed, continuous cord plasma 
BDE-47 (p-interaction: 0.02), BDE-99 (p-interaction: 0.02) and BDE-100 (p-interaction: 0.03) 
concentrations (ng/g lipid). In stratified models, higher exposure was associated with lower ACI 
scores among girls (bBDE-47: -7.55, 95% CI: -13.87, -1.24, bBDE-99: -8.14, 95% CI: -15.34, -0.93), 
but not boys (Figure 3). We did not find significant sex ´ PBDE interactions at later ages, nor did 
we detect inverse associations between continuous PBDE concentrations measured during 
childhood (ages 3, 7 or 9 years) and ACI scores. In contrast, continuous BDE-153 concentrations 
measured at the 9-year visit were marginally (p<0.10) associated with better performance on the 
ACI (bBDE-153: 6.22, 95% CI: -1.10, 13.53). We did not investigate sex ´ ‘prenatal high’ 
trajectory interactions given the relatively small proportion of children assigned to this trajectory 
(BDE-47: 19%, BDE-99: 13%) in combination with the reduced power of models examining 
categorical variables. In unstratified models, we did not detect significant associations between 
any PBDE trajectory and ACI scores (Figure 4).  
 
Visual Memory Index (ViMI) 
Continuous BDE-47, -99 and -100 concentrations measured at ages 7 and 9 years were inversely 
associated with ViMI scores (i.e. age 9: bBDE-47: -5.18, 95% CI: -9.95, -0.42; bBDE-99: -4.90, 95% 
CI: -9.47, -0.33; bBDE-100: -5.24, 95% CI: -10.23, -0.25) (Figure 3). Likewise, children with 
sustained high concentrations of BDEs-47, -99 and -100 throughout the postnatal period, as 
indicated by trajectory membership, scored 5-8 standard score points lower on the ViMI 




2.93; bBDE-99 = -5.51, 95% CI: -10.41, -0.61; bBDE-100 = -8.57, 95% CI: -14.19, -2.96) (Figure 4). 
We did not find a corresponding association for BDE-153.  
 
Verbal Memory Index (VeMI) 
In contrast to attention concentration and visual memory domains, we did not detect significant 
inverse associations between continuous concentrations or trajectories of any PBDE congener 
and VeMI scores. However, we observed a trend of generally positive associations among 
children whose exposure peaked during toddler years (Figure 4, blue squares). Given the positive 
impact of breastfeeding on cognitive development (Fergusson et al. 1982), and the known 
transfer of PBDEs into breastmilk, we post-hoc explored interactions between breastfeeding and 
PBDE concentration using cross product terms and stratified models. We did not detect 
statistically significant interactions for any congener, however, in stratified models, positive 
associations were generally strengthened among children breastfed more than 12 weeks and 






Figure 3. Point estimates (ß) and 95% CIs from adjusted models examining continuous, log10-
transformed plasma PBDE concentrations (ng/g lipid) in relation to Attention Concentration 
Index (ACI), Visual Memory Index (ViMI), and Verbal Memory Index (VeMI) scores. 
 
Legend: Hollow diamonds indicate girls, hollow squares indicate boys, solid circles indicate 
boys and girls. PBDEs measured at ages 2 and 5 years not statistically analyzed due to small 
sample sizes. Sample size for ViMI and VeMI models: prenatal (n=208), age 3-years (n=70), age 
7-years (n=158), age 9-years (n=128). Sample size for ACI models: prenatal (n=194), age 3-




Figure 4. Point estimates (ß) and 95% CIs from adjusted models examining trajectories of 
plasma PBDE concentrations in relation to Attention Concentration Index (ACI), Visual Memory 
Index (ViMI), and Verbal Memory Index (VeMI) scores (n=212). 
 
 




Supplemental and sensitivity analyses 
Results from models 1) excluding influential observations, or 2) subset on children with a high 
probability of correct trajectory assignment were marginally strengthened or unchanged 
compared to our main findings (see Supplemental Material, Table S3a-c), except that the positive 
association between continuous BDE-153 concentrations measured at age 9-years with ACI 
scores was attenuated when outlying values (n=3) were excluded (bBDE-153: 4.25, 95% CI: -2.96, 
11.47). 
  
BDE-47 (ng/g lipid) was weakly correlated (all Spearman) with lead (r=0.02, p=0.78, n=192), 
chlorpyrifos (r=0.17, p=0.01, n=261), and SPCB118, 153, 138-158, 180 (r=0.06, p=0.33, n=288). 
Correlations between each of these chemicals and BDEs-99, -100 and -153 were similar or 
smaller. Given the small, but significant correlation with chlorpyrifos, a pesticide that we 
previously demonstrated to be associated with working memory deficits among children enrolled 
in this cohort (Rauh et al. 2006), we further investigated whether its inclusion as a covariate 
altered our findings. Despite the reduced sample size (n=90), inclusion of chlorpyrifos (>4.15 
pg/g vs. ≤4.15 pg/g) did not substantially change the magnitude or direction of associations 
between continuous cord plasma BDEs-47 or BDE-99 concentrations with Attention-
Concentration Index scores among girls (bBDE-47=-8.81, 95% CI: -15.28, -2.35; bBDE-99: -9.20, 
95% CI: -17.02, -1.38), suggesting that the observed association was not driven by concurrent 






We detected significant inverse associations between cord plasma PBDE concentrations (BDE-
47 and BDE-99) and performance on the Attention-Concentration Index, a measure of auditory 
working memory, among girls but not boys. We did not detect corresponding associations 
between exposure during childhood, suggesting that working memory may be most sensitive to 
disruption by PBDEs during gestation, when rapid anatomical and functional development 
(Antonelli et al. 2017), including normal differentiation of sexually dimorphic regions (Andreano 
and Cahill 2009) occurs. Animal research has demonstrated associations between gestational 
exposure to PBDEs and changes in sexually dimorphic brain regions (Faass et al. 2013), with 
effects on sexual maturation that persist into adolescence (Lilienthal et al. 2006). Our findings 
are further supported by research demonstrating stronger inverse associations between prenatal 
exposure to the persistent organohalogenated insecticide DDT and working memory among girls 
compared to boys (Ribas-Fito et al. 2006). In contrast, while Eskenazi et al. found prenatal 
exposure to PBDEs was associated with decrements on the WISC-IV Working Memory Index 
among a California-based cohort of Mexican-American children at age 7-years (b per 10-fold 
increase in SBDEs-47, -99, -100, -153 = -2.4, 95% CI: -7.2, 2.3, n= 231), they did not detect a 
significant sex interaction at the level of p<0.10 (Eskenazi et al. 2013). This inconsistency may 
relate to differences in the study populations (geography, age at assessment), exposure metrics 
(SPBDE versus congener-specific models), tests administered (WISC-IV versus CMS) or other 
factors that differ between cohorts.  
 
We found visual memory, which develops rapidly between toddler years and adolescence (Bauer 




verbal memory, few human studies have investigated PBDEs in relation to visual domains; 
however, our findings are consistent with animal research demonstrating that adult male mice 
exposed to PBDEs during the neonatal period perform worse on tests of spatial learning and 
memory (i.e. swim maze) compared to vehicle-exposed controls (Eriksson et al. 2001; He et al. 
2011). The only other epidemiologic study to examine visual domains found that PBDE 
concentrations measured prenatally and at several ages postnatally (1-8 years) were generally 
associated with improved visual spatial abilities (memory retention and visual learning) at age 8-
years as assessed by performance on the Virtual Morris Water Maze (Vuong et al. 2017). Given 
the virtual nature of this test, the authors suggest that their findings may reflect uncontrolled 
confounding by video game proficiency, which may be associated with higher PBDE exposure 
due to increased time spent indoors. Notably, Vuong et al did not adjust for breastfeeding, which 
may have masked inverse associations between PBDEs and scores on visual outcomes. 
 
Several previous epidemiological studies have detected inverse or null associations between 
PBDE concentrations measured during the prenatal period or childhood and performance on tests 
of verbal comprehension (Eskenazi et al. 2013; Gascon et al. 2011; Herbstman et al. 2010; Sagiv 
et al. 2015). In contrast, we found exposure during toddler years was generally associated with 
better performance on the Verbal Memory Index. Importantly, positive associations were 
attenuated among children who were breastfed for less than 12 weeks and strengthened among 
children breastfed for 12 weeks or more, suggesting that the positive effects we observed may 
relate to neurodevelopmental benefits conferred by breast milk, breastfeeding behavior, or its 
socioeconomic correlates. Given the lack of a statistically significant interaction between 




is attributable to residual confounding due to the limited resolution of our breastfeeding variable 
(Rothman et al. 2008). For example, while we had information on the duration of breastfeeding, 
we were not able to control for frequency of breastfeeding or quantity of breastmilk consumed. 
The potential positive influence of breastfeeding is further supported by Adgent et al, who found 
that verbal domains (expressive and receptive language scores) assessed by the Mullen Scales of 
Early Learning were generally positively associated with PBDE concentrations measured in 
breast milk (Adgent et al. 2014). Notably, a recent systematic review concluded that the positive 
effects of breastfeeding may be largely attributable to the typically higher intelligence and 
favorable socioeconomic circumstances of mothers who choose to breastfeed (Walfisch et al. 
2013). In our sample, breastfeeding was associated with lower maternal non-verbal intelligence 
(p=0.06), and indicators of lower socioeconomic status, such as material hardship (p=0.02), 
suggesting that the positive trend we observed may relate to the nutritional content, immuno-
protective or other biological benefits of breastmilk (APA 1997). Alternatively, the discrepancy 
between our finding and those of previous studies may relate to differences in the specific verbal 
domains assessed (i.e. comprehension versus memory) or variation in the age at assessment 
(approximately 4-7 years in other studies versus approximately 11 years here).  
 
The present paper has several strengths. We measured PBDEs in plasma samples collected 
repeatedly from birth through age 9 years; thus, despite the limited size of our sample (n=212), 
we had high resolution to examine memory outcomes in relation to changes in PBDE plasma 
concentrations over time. We additionally collected extensive information on sociodemographic 
and lifestyle factors, enabling us to explore the impact of many potential confounders and effect 




and several other developmental neurotoxicants, given the reduced sample size of children with 
overlapping exposures, we were insufficiently powered to investigate interactions between 
PBDEs and co-exposures. Similarly, while we previously measured thyroid hormone 
concentrations, the limited number of children with plasma PBDE concentrations, thyroid 
hormone concentrations and CMS Index scores precluded our ability to explore mediation by 
pathways related to thyroid hormone disruption.  
 
Conclusion 
We found that children with low prenatal, but high postnatal plasma PBDE concentrations 
throughout childhood performed significantly worse on tests of visual memory assessed during 
early adolescence compared to children with persistent low plasma PBDE concentrations. In 
addition, girls with high cord plasma PBDE concentrations performed significantly worse on 
tests of auditory working memory assessed during early adolescence. Taken together, these 
results suggest that the developing brain remains vulnerable to insult by PBDEs from gestation 
through childhood and that the effects of PBDEs on memory may vary by the duration and 
developmental period(s) during which exposure occurs. Our findings contribute to a substantial 
body of evidence (Lam et al. 2017) demonstrating the developmental neurotoxicity of PBDEs 
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Table S1. Characteristics (mean±SD or n, %) of the study population among all maternal-
child pairs enrolled, those with plasma PBDEs, and those administered the CMS.  
 All enrolled PBDE subset CMS & PBDE subset 
Maternal characteristicsa  N 
Mean±SD 
or N, % N 
Mean±SD 
or N, % N 
Mean±SD 
or N, % 
   Age 727 25.2±4.9 334 25.1±4.9 212 25.2±5.1 
   <High school education 726 262 (36) 334 117 (35) 212 80 (38) 
   Employed 724 387 (53) 334 184 (55) 212 120 (57) 
   Stable relationship 723 194 (27) 334 83 (25) 212 49 (23) 
   Nulliparous 723 324 (45) 334 168 (50)* 212 108 (51)# 
   Nonverbal intelligence 581 85.5±13.3 312 84.9±13.0 212 84.1±13.1 
   Demoralization 693 1.2±0.6 327 1.2±0.6 212 1.2±0.6 
Child characteristics       
   Birth weight (kg) 717 3.4±0.5 333 3.5±0.5* 212 3.5±0.5# 
   Gestational age (weeks) 726 39.3±1.4 334 39.4±1.3 212 39.4±1.3 
   Breastfed ³ 12 weeks 687 522 (76) 330 258 (78) 212 67 (32) 
   African American 727 254 (35) 334 124 (37) 212 92 (43) 
   Dominican 727 473 (65) 334 210 (63) 212 120 (57) 
   Girl  727 376 (52) 334 182 (54) 212 119 (56) 
   Anxiety at testing (RCMAS) 384 9.7±6.1 209 9.5±6.2 208 9.5±6.2 
Household characteristics       
   Material hardship at delivery 712 285 (40) 327 127 (39) 207 85 (41) 
   Material hardship at testing 384 141 (37) 213 81 (38) 210 81 (39) 
   Spanish speaking home at 3 yrs 543 251 (46) 301 130 (43) 212 88 (42) 
   HOME academic score at 3 yrs  543 4.3±1.0 297 4.3±1.0 206 4.3 (1.0) 
   HOME total score at 3 yrs  543 39.4±6.3 297 39.3±6.3 206 39.3 (6.5) 
   Environmental tobacco smoke 725 254 (35) 334 118 (35) 212 77 (36) 
aMeasured at the prenatal period unless otherwise noted. 
*Significantly different from children without PBDEs (n=393) at p=0.05  




Figure S1. Trajectories of PBDE exposure from birth to age 9 years estimated using LCGA. 
 
 
Table S2. Sample size of each PBDE exposure trajectory subset on children with CMS 
scores, N (%) 










BDE-47 74 (35) 40 (19) 65 (31) NA 33 (16) 
BDE-99 87 (41) 28 (13) 52 (25) NA 45 (21) 
BDE-100 91 (46) 13 (6)a 80 (40) NA 28 (14) 
BDE-153 62 (29) NA NA 107 (50) 43 (20) 




Information relevant to Tables S3a-c. Associations (b, 95% confidence interval) between 
plasma PBDE concentrations (ng/g lipid) and CMS index scores. 
 
All regression models are adjusted for: date of birth, ethnicity, age at CMS testing, maternal non-
verbal intelligence, maternal employment (prenatal), maternal education (prenatal), maternal 
demoralization (prenatal), parity, birthweight, and breastfeeding duration.  
 
Trajectories were fit using LCGA; continuous PBDE concentrations were log10-transformed 
before LCGA modeling. In all models examining trajectories, the ‘persistent low’ group serves 
as the reference category. Posterior probabilities indicate the probability of correct trajectory 
assignment for a given child. In sensitivity analyses examining potential misclassification of 
trajectory membership, we excluded children with a posterior probability <0.6.  
 
We defined outliers as a value more than 1.5 times the interquartile range below or above the 
first or third quartile, respectively 
 
Colors corresponding to significant findings in tables:  
 Green shading highlights significant (p<0.05) inverse associations 
 Light green shading highlights marginally significant (p<0.10) inverse associations 
 Blue shading highlights significant (p<0.05) positive associations 






Table S3a. Attention Concentration Index 
 Final adjusted  model 
Exclude outliers  
(n=3) 
Exclude posterior 
probability < 0.6 
Log10BDE-47 continuous    
   Prenatal – Girls -7.55 (-13.84, -1.24) -7.30 (-13.34, -1.27) N/A 
   Prenatal – Boys 3.10 (-4.00, 10.19) 1.84 (-5.02, 8.70) N/A 
           p-int=0.02 p-int=0.04  
   Age 3 years -0.11 (-7.67, 7.44) -2.20 (-9.10, 4.70) N/A 
   Age 7 years 3.49 (-1.94, 8.93) 2.68 (-2.64, 8.01) N/A 
   Age 9 years 3.28 (-3.73, 10.30) 2.00 (-4.82, 8.83) N/A 
BDE-47 trajectory    
   Prenatal high    
   Early postnatal peak 0.55 (-4.81, 5.91) 0.19 (-4.95, 5.34) 2.10 (-3.86, 8.05) 
   Sustained postnatal high -0.44(-7.31, 6.43) -1.71 (-8.29, 4.86) 0.86 (-6.88, 8.60) 
Log10BDE-99 continuous    
   Prenatal – Girls -8.14 (-15.34, -0.93) -8.02 (-14.90, -1.15) N/A 
   Prenatal – Boys 6.47 (-2.18, 15.12) 4.99 (-3.44, 13.43) N/A 
 p-int=0.02 p-int=0.03  
   Age 3 years 0.29 (-7.35, 7.93) -2.17 (-9.23, 4.89) N/A 
   Age 7 years 2.13 (-3.16, 7.43) 1.52 (-3.65, 6.69) N/A 
   Age 9 years 4.96 (-1.40, 11.33) 3.96 (-2.22, 10.14) N/A 
BDE-99 trajectory    
   Prenatal high    
   Early postnatal peak -1.79 (-7.44, 3.87) -2.05 (-7.48, 3.38) -3.73 (-10.72, 3.25) 
   Sustained postnatal high -1.32 (-7.47, 4.82) -2.56 (-8.44, 3.32) 0.48 (-6.45, 7.41) 
Log10BDE-100 continuous    
   Prenatal – Girls -6.15 (-14.26, 1.97) -8.14 (-15.90, -0.38) N/A 
   Prenatal – Boys 6.12 (-3.44, 15.69) 4.82 (-4.38, 14.07) N/A 
 p-int=0.03 p-int=0.03  
   Age 3 years -0.14 (-8.08, 7.79) -3.66 (-10.99, 3.66) N/A 
   Age 7 years 2.67 (-3.13, 8.47) 1.79 (-3.89, 7.48) N/A 
   Age 9 years 4.44 (-2.47, 11.35) 2.80 (-3.97, 9.58) N/A 
BDE-100 trajectory    
   Early postnatal peak -2.58 (-7.48, 2.31) -3.03 (-7.70, 1.65) -1.70 (-6.82, 3.41) 
   Sustained postnatal high -1.60 (-8.80, 5.59) -2.44 (-9.29, 4.41) -0.01 (-7.21, 7.18) 
Log10-BDE-153 continuous    
   Prenatal -2.38 (-12.11, 7.36) -2.82 (-11.89, 6.26) N/A 
   Age 3 years 0.70 (-7.32, 8.72) -3.08 (-10.50, 4.33) N/A 
   Age 7 years 1.55 (-5.01, 8.10) 0.41 (-6.03, 6.86) N/A 
   Age 9 years 6.22 (-1.10, 13.53) 4.25 (-2.96, 11.47) N/A 
BDE-153 trajectory    
   Sustained postnatal mod -0.14 (-5.04, 4.76) -0.10 (-4.81, 4.62) -0.92 (-6.00, 4.17) 










Table S3b. Visual Memory Index 
 Final adjusted  model 
Exclude outliers  
(n=2) 
Exclude posterior 
probability < 0.6 
Log10BDE-47 continuous    
   Prenatal 1.49 (-2.50, 5.49) 1.25 (-2.59, 5.08) N/A 
   Age 3 years -1.90 (-8.64, 4.83) -1.90 (-8.64, 4.83) N/A 
   Age 7 years -5.28 (-10.13, -1.44) -5.31 (-9.45, -1.16) N/A 
   Age 9 years -5.18 (-9.95, -0.42) -4.32 (-8.99, 0.36) N/A 
BDE-47 trajectory    
   Prenatal high -1.07 (-6.05, 3.92) -1.32 (-6.14, 3.51) -1.96 (-7.64, 3.72) 
   Early postnatal peak -3.35 (-7.70, 1.02) -3.37 (-7.48, 0.84) -2.36 (-7.14, 2.43) 
   Sustained postnatal high -8.44 (-13.95, -2.93) -6.59 (-12.00, -1.18) -10.45 (-16.48, -4.42) 
Log10BDE-99 continuous    
   Prenatal 0.94 (-3.95, 5.65) 0.69 (-3.86, 5.24) N/A 
   Age 3 years -0.71 (-7.42, 6.00) -0.71 (-7.42, 6.00) N/A 
   Age 7 years -3.96 (-8.18, 0.27) -3.45 (-7.49, 0.59) N/A 
   Age 9 years -4.90 (-9.47, -0.33) -4.12 (-8.60, 0.36) N/A 
BDE-99 trajectory    
   Prenatal high -0.15 (-5.70, 5.39) -0.36 (-5.72, 5.00) 1.24 (-4.97, 7.46) 
   Early postnatal peak -1.38 (-5.91, 3.15) -1.36 (-5.74, 3.01) -2.76 (-8.29, 2.76) 
   Sustained postnatal high -5.51 (-10.41, -0.61) -4.11 (-8.59, 0.37) -4.93 (-10.39, 0.53) 
Log10BDE-100 continuous    
   Prenatal 2.83 (-3.31, 8.96) 2.12 (-3.93, 8.19) N/A 
   Age 3 years 1.16 (-5.91, 8.22) 1.16 (-5.91, 8.22) N/A 
   Age 7 years -5.47 (-10.16, -0.77) -4.77 (-9.26, -0.28) N/A 
   Age 9 years -5.24 (-10.25, -0.25) -4.68 (-9.54, 0.18) N/A 
BDE-100 trajectory    
   Early postnatal peak -1.96 (-5.85, 1.93) -1.65 (-5.41, 2.11) -1.93 (-6.28, 2.43) 
   Sustained postnatal high -8.57 (-14.19, -2.96) -7.57 (-13.05, -2.10) -7.86 (-13.83, -1.88) 
Log10BDE-153 continuous    
   Prenatal 4.61 (-3.16, 12.38) 4.34 (-3.36, 12.05) N/A 
   Age 3 years 3.96 (-2.98, 10.90) 3.96 (-2.98, 10.90) N/A 
   Age 7 years -3.71 (-9.03, 1.61) -3.17 (-8.24, 1.90) N/A 
   Age 9 years -1.63 (-7.15, 3.89) -1.27 (-6.63, 4.08) N/A 
BDE-153 trajectory    
   Sustained postnatal moderate -0.51 (-4.63, 3.61) 0.33 (-3.64, 4.30) -1.17 (-5.51, 3.16) 





Table S3c. Verbal Memory Index 
 Final adjusted  model 
Exclude outliers  
(n=2) 
Exclude posterior 
probability < 0.6 
Log10BDE-47 continuous    
   Prenatal -0.93 (-5.94, 4.08) -1.63 (-6.55, 3.30) N/A 
   Age 3 years 0.85 (-6.88, 8.52) 0.85 (-6.82, 8.52) N/A 
   Age 7 years -2.35 (-7.47, 2.77) -2.38 (-7.28, 2.52) N/A 
   Age 9 years -1.86 (-8.05, 4.34) -2.16 (-8.03, 3.71) N/A 
BDE-47 trajectory    
   Prenatal high -1.74 (-8.03, 4.55) -1.43 (-7.62, 4.77) 0.54 (-6.26, 7.34) 
   Early postnatal peak 3.47 (-2.03, 8.97) 3.57 (-1.84, 8.98) 7.02 (1.29, 12.75) 
   Sustained postnatal high -0.73 (-7.69, 6.23) -0.65 (-7.47, 6.16) 1.69 (-5.53, 8.91) 
Log10BDE-99 continuous    
   Prenatal -2.27 (-8.24 3.70) -2.52 (-8.36, 3.32) N/A 
   Age 3 years -0.20 (-8.12, 7.72) -0.20 (-8.12, 7.72) N/A 
   Age 7 years -2.96 (-7.88, 1.96) -2.79 (-7.50, 1.92) N/A 
   Age 9 years -2.11 (-8.05, 3.82) -2.35 (-7.98, 3.27) N/A 
BDE-99 trajectory    
   Prenatal high -1.37 (-8.27, 5.53) -1.23 (-7.98, 5.53) -2.46 (-9.78, 4.87) 
   Early postnatal peak 4.46 (-1.18, 10.10) 4.44 (-1.08, 9.96) 4.47 (-2.04, 10.98) 
   Sustained postnatal high -2.79 (-8.89, 3.30) -2.80 (-8.77, 3.16) -3.44 (-9.88, 3.00) 
Log10BDE-100 continuous    
   Prenatal -3.20 (-10.27, 3.88) -3.17 (-10.12, 3.78) N/A 
   Age 3 years 4.01 (-3.93, 11.96) 4.01 (-3.93, 11.96) N/A 
   Age 7 years -1.66 (-7.16, 3.84) -1.86 (-7.13, 3.40) N/A 
   Age 9 years -1.05 (-7.54, 5.44) -1.20 (-7.36, 4.95) N/A 
BDE-100 trajectory    
   Early postnatal peak 1.29 (-3.78, 6.36) 1.43 (-3.53, 6.39) 4.47 (-0.87, 9.80) 
   Sustained postnatal high -4.37 (-11.68, 2.94) -4.35 (-11.48, 2.77) -3.94 (-11.26, 3.39) 
Log10BDE-153 continuous    
   Prenatal -1.14 (-11.36, 9.07) -1.72 (-11.68, 7.44) N/A 
   Age 3 years 6.15 (-1.66, 13.97) 6.15 (-1.66, 13.97) N/A 
   Age 7 years 0.11 (-6.06, 6.29)  -1.22 (-7.17, 4.73) N/A 
   Age 9 years 2.57 (-4.51, 9.65) 1.40 (-5.36, 8.16) N/A 
BDE-153 trajectory    
   Sustained postnatal moderate 2.58 (-4.50, 9.66) -0.83 (-5.82, 4.16) 0.04 (-5.31, 5.40) 






Figure S2. Associations (b, 95% confidence interval) from adjusted models examining the ‘early 
postnatal peak’ trajectory of plasma PBDE concentrations in relation to Verbal Memory Index 
scores stratified by breastfeeding history of the study child (n=212) 
 
 
Sample sizes of the ‘early postnatal peak’ + ‘persistent low’ trajectories:  
BDE-47: all children (n=139), breastfed <12 weeks (n=102), breastfed ³12 weeks (n=37) 
BDE-99: all children (n=139), breastfed <12 weeks (n=101), breastfed ³12 weeks (n=38) 








CHAPTER 5: Prenatal Exposure to PBDEs and Serum Thyroid Parameters Measured 
during Childhood 
 
Whitney J. Cowella,b, Andreas Sjödinc, Richard Jonesc, Ya Wangd, Shuang Wangd, Robin M. 
Whyatta,b, Pam Factor-Litvake, Gary Bradwinf, Abeer Hassoung, Sharon Oberfieldg, Julie B. 
Herbstmana,b* 
 
aColumbia Center for Children’s Environmental Health, Mailman School of Public Health, 
Columbia University, New York, NY  
bDepartment of Environmental Health Sciences, Mailman School of Public Health, Columbia 
University, New York, NY 
cDivision of Laboratory Sciences, National Center for Environmental Health, Centers for Disease 
Control and Prevention, Atlanta, GA 
dDepartment of Biostatistics, Mailman School of Public Health, Columbia University, New 
York, NY 
eDepartment of Epidemiology, Mailman School of Public Health, Columbia University, New 
York, NY 
fDepartment of Laboratory Medicine, Harvard Medical School and Boston Children’s Hospital, 
Boston, MA 
gDivision of Pediatric Endocrinology, Diabetes and Metabolism, Department of Pediatrics, New 
York-Presbyterian Morgan Stanley Children’s Hospital, New York, NY  
 
Address correspondence to: Julie Herbstman, Columbia Center for Children’s Environmental 
Health, 12th Fl, Mailman School of Public Health, 722 West 168th St, New York, NY 10032 
USA. Telephone: (212) 304-7273. E-mail: jh2678@cumc.columbia.edu 
 
Funding: This work was supported by National Institutes of Health [grant numbers R03ES0218, 
R01ES013543, P50ES009600, T32ES023772 and T32ES007322]; and Environmental Protection 
Agency FP-91779001.  
 
Disclaimer: The findings and conclusions in this report are those of the authors and do not 
necessarily represent the official position of the Centers for Disease Control and Prevention. Use 
of trade names is for identification only and does not imply endorsement by the CDC, the Public 
Health Service, or the US Department of Health and Human Services. This publication was 
developed under STAR Fellowship Assistance Agreement no. FP-91779001 awarded by the U.S. 
Environmental Protection Agency (EPA). It has not been formally reviewed by the EPA. The 
views expressed in this publication are solely those of the study authors. 
 
Manuscript status: Submitted to Environmental Health Perspectives 
 
Acknowledgements: We thank Dr. Lori Hoepner for assistance with data management and Dr. 








Background: Findings from observational studies examining prenatal exposure to 
polybrominated diphenyl ethers (PBDEs), a class of flame retardants, in relation to thyroid 
hormone parameters measured during and after pregnancy have been inconsistent.  
Methods: This analysis included 205 children enrolled in the Columbia Center for Children’s 
Environmental Health Mothers and Newborns birth cohort, which recruited pregnant African 
American and Dominican women between 1998 and 2006. We measured PBDEs in umbilical 
cord plasma and thyroid parameters (thyroid stimulating hormone (TSH), free thyroxine (free 
T4), and total thyroxine (total T4)) in child serum collected at ages 3, 5, 7 and 9 years. We used 
multivariable linear regression to examine associations between prenatal PBDE plasma 
concentrations (BDE-47, BDE-99, BDE-100, BDE-153) and each thyroid parameter.  
Results: BDE-47 was the predominant congener detected. Compared to children with BDE-47 
concentrations in the first quartile of the exposure distribution, children in quartiles 2, 3 and 4 
had 17% (95% confidence interval (CI) -31, -2), 22% (CI -35, -7) and 17% (CI -29, -2) lower 
geometric mean TSH levels. Likewise, children in the third and fourth quartiles had 1.13 pmol/L 
(CI -1.96, -0.29) and 0.77 pmol/L (CI -1.51, -0.03) lower mean free T4 levels, respectively. We 
did not detect associations between BDE-47 and total T4 levels or between the 3 other congeners 
and any thyroid parameter. 
Conclusions: This is the first study to prospectively examine associations between cord plasma 
PBDE concentrations and childhood thyroid parameters. We found that prenatal BDE-47 





Thyroid hormones are essential for fetal and postnatal brain development and for regulating 
neuropsychological functioning in children (Williams 2008). Mounting evidence from animal 
research suggests that polybrominated diphenyl ethers (PBDEs), which structurally resemble 
triiodothyronine (T3) and thyroxine (T4), may disrupt thyroid hormone homeostasis (Costa et al. 
2014). PBDEs are a class of flame retardant chemicals that were widely used in household 
consumer products until their phase-out between 2004 and 2013 (USEPA 2010). Exposure 
occurs primarily via incidental ingestion of dust and due to their lipophilicity, PBDEs readily 
cross the placenta and enter fetal circulation (Herbstman et al. 2008; Leonetti et al. 2016).   
 
Despite findings from animal research demonstrating inverse associations between prenatal 
PBDE exposure and circulating thyroid hormone levels in newborn offspring (Costa et al. 2014), 
findings from human studies have been inconsistent (Abdelouahab et al. 2013b; Chevrier et al. 
2010; Chevrier et al. 2011; Herbstman et al. 2008; Stapleton et al. 2011; Vuong et al. 2015). 
Notably, previous epidemiologic studies have measured thyroid parameters in maternal, 
umbilical cord, or infant blood collected during pregnancy, delivery or within hours to days of 
birth; these are periods when transient, yet substantial endocrine system changes occur, including 
profound alterations to the thyroid regulatory system (Glinoer 1997). In the present analysis, we 
prospectively examined associations between umbilical cord plasma PBDE concentrations and 






We conducted this analysis among a subset of participants enrolled in the Columbia Center for 
Children’s Environmental Health (CCCEH) Mothers and Newborns birth cohort, which recruited 
African American and Dominican women from New York City between 1998 and 2006. The 
cohort was designed to examine sub-clinical health effects in relation to several environmental 
exposures among healthy children; therefore, women were excluded if they were outside the ages 
of 18-35 years, initiated prenatal care after the 20th week of pregnancy, had a multiple 
pregnancy, used tobacco products or illicit drugs, had diabetes, had hypertension, or were HIV 
positive. Women were considered fully enrolled if a maternal or umbilical cord blood sample 
was collected at the child’s delivery. 
 
During pregnancy and at each postnatal study visit a bilingual research worker conducted a 
structured interview to collect information about sociodemographic and lifestyle factors. At 
delivery, study staff collected umbilical cord blood and at the 2, 3, 5, 7 and 9 year visits a 
pediatric phlebotomist collected child venous blood. All blood samples were transported to the 
CCCEH laboratory immediately following collection, where the buffy coat, packed red blood 
cells, and plasma were separated and frozen at -70C. The study protocol was approved by the 
Institutional Review Board of Columbia University Medical Center. It was determined at the 
Centers for Disease Control and Prevention (CDC) that the agency was not engaged in human 
subjects’ research.  Before each study visit, mothers gave written informed consent for herself 






The CDC’s Persistent Organic Pollutants Biomonitoring Laboratory measured concentrations of 
11 PBDE congeners in cord plasma samples collected from 327 neonates. Detailed analytic 
methods are published elsewhere (Jones et al. 2012; Sjodin et al. 2004). Briefly, samples were 
fortified with internal standards followed by automated liquid-liquid extraction using a Gilson 
215 liquid handler (Gilson Inc., Middleton, WI). Final analytical determinations were made by 
gas chromatography isotope dilution high-resolution mass spectrometry using a DFS instrument 
(Thermo Fisher Scientific, Bremen, Germany). Each analytical batch was comprised of method 
blanks (N=3), quality control samples (N=3) and study samples (N=26).  All reported data were 
subtracted from the median concentration detected in method blank samples. Co-extracted lipids 
were removed using a silica: silica/sulfuric acid column with automation on a Rapid Trace SPE 
work station (Biotage, Uppsala, Sweden) and total cholesterol and triglycerides were determined 
on a Roche Hitachi 912 Chemistry Analyzer (GMI Inc, Ramsey, MN). Total blood lipid levels, 
including unmeasured free cholesterol and phospholipids, were estimated by summation of 
individual lipid components using an umbilical cord blood-specific formula (A Sjödin, 
unpublished data, 2016).  
 
The Clinical and Epidemiologic Research Laboratory at Boston Children’s Hospital analyzed 
TSH, free T4, and total T4 in umbilical cord plasma (n=195) and repeatedly collected child serum 
(ntotal=361: n3 years=150, n5 years=73, n7 years=67, n9 years=9) samples. All analyses were performed 
by automated immunoassay using a competitive electrochemiluminescence detection system 
(Roche Diagnostics, Indianapolis, IN). The lowest detection limits were 0.005 µlU/mL, 0.26 




values ranged from 1.8%-5.4% for 0.09-3.96 µIU/mL of TSH, 3.5%-6.6% for 8.75-50.70 pmol/L 
of free T4, and 3.0%-6.9% for 33.4-237 nmol/L of total T4.  
 
We measured several other environmental chemicals that have been shown or suspected to 
disrupt the thyroid regulatory system, including: bisphenol A (BPA), mono-2-ethylhexyl 
phthalate (MEHP), triclosan, perchlorate, thiocyanate, nitrate, polychlorinated biphenyls (PCBs), 
and p’p’-dichlorodiphenyldichloroethylene (p’p’-DDE) (Johns et al. 2016; Pearce and 
Braverman 2009; Zoeller 2007). BPA, MEHP, triclosan, perchlorate, thiocyanate, and nitrate (all 
ng/mL) were measured at the CDC in maternal spot urine samples collected during the third 
trimester. PCBs and p’p’-DDE (ng/lipid) were measured in umbilical cord plasma simultaneous 
to PBDE measurement.  
 
Statistical analysis 
We focused on BDEs-47, -99, -100 and -153, which were the most frequently detected 
congeners. We adapted a previously described (Baccarelli et al. 2005) distribution-based 
multiple imputation method to estimate values for samples with PBDE concentrations less than 
the limit of detection (Cowell et al. in press). Briefly, for each sample with a non-detected 
concentration, we first calculated the mean and variance of the set of log-transformed detected 
results with an equal or lower limit of detection. We then randomly and repeatedly (n=10) drew a 
value from the normal distribution with the same mean and variance. We pooled parameter 





We used linear regression to examine associations between cord plasma PBDE concentrations 
and serum thyroid parameters measured during childhood and employed the generalized 
estimating equations (GEE) approach with an exchangeable working correlation to account for 
repeated thyroid measures within a child over time. We expressed TSH, free T4, and total T4 as 
continuous variables and log10-transformed TSH to better approximate a normal distribution. We 
expressed PBDE congeners as lipid-standardized, continuous variables and applied a log10-
transformation to stabilize the variance. We additionally examined PBDEs as a quartile variable 
and assessed linear dose-response trends by treating the quartiles as a continuous measure.  
 
Thyroid hormone concentrations decrease with age (Elmlinger et al. 2001); therefore, we a priori 
included exact age at blood draw as a time-varying covariate. We considered sex, ethnicity 
(African American/Dominican), date of birth, gestational age (in weeks), birth weight (in grams), 
prenatal environmental tobacco smoke exposure (yes/no as previously described (Rauh et al. 
2004)), breastfeeding history (ever/never), parity (nulliparous/multiparous), relationship status 
(unmarried/married or with the same partner for 7 or more years), maternal age (in years), 
material hardship (none/unable to afford food, clothing or housing) and maternal education (less 
than high school/high school or equivalent) as potential confounders. All maternal variables were 
collected during the prenatal period. We examined associations between these covariates and 
each PBDE congener and thyroid parameter in separate bivariate models and constructed a 
Directed Acyclic Graph (DAG) to identify the minimally sufficient set of covariates for 
adjustment, which included only ethnicity (see Figure S1).  We further evaluated the influence of 





We performed several supplemental analyses focused on quartiles of BDE-47. First, we assessed 
the impact of outlying data points by excluding observations with internally studentized residuals 
greater than the absolute value of 3 (TSH n=1, free T4 n=2, total T4 n=3). We also evaluated our 
decision to lipid standardize PBDE concentrations by examining models with BDE-47 expressed 
on a plasma volume basis with and without total blood lipids included as a covariate. To 
potentially reduce thyroid parameter variability and increase the precision of our estimates, we 
explored the impact of adjusting for several co-exposures, including: perchlorate, thiocyanate, 
nitrate, BPA, DEHP (using the metabolite MEHP), triclosan, SPCB4, and p’p-DDE. With the 
exception of perchlorate, thiocyanate, and nitrate, we examined each co-exposure in a separate 
model. Perchlorate, thiocyanate and nitrate have been shown to disrupt thyroid function through 
a shared mechanism of action, therefore we created a single variable to reflect exposure to these 
compounds, which we coded as “high” if the mother’s urinary concentration was in the top 
quartile of the exposure distribution for any 1 of the 3. We summed PCBs 118, 153, 180 and co-
eluting 138-158 (SPCB4), which were the 4 most frequently detected congeners in our sample. 
We expressed BPA, MEHP, triclosan, SPCB4, and p’p-DDE as log10-transformed continuous 
measures and replaced non-detected concentrations with the LOD over the square root of 2.  
 
To better understand the role of exposure timing, we adjusted models for BDE-47 concentration 
measured in child blood collected at ages 2 to 3 years or 5 to 9 years. Within these 2 models, 
BDE-47 and thyroid parameters were measured cross sectionally and no measures were repeated 
over time. Finally, to facilitate comparison of our results to other published studies, we examined 
cross sectional associations between cord blood PBDEs and thyroid parameters. In addition to 




versus vaginal birth). We performed all statistical analyses using SAS v9.4 (SAS Institute) or 
RStudio v0.99.891 and constructed the DAG using DAGitty v2.3. 
 
Results 
At delivery, 727 mothers remained eligible for study enrollment and provided an umbilical cord 
or maternal blood sample. The current analysis was restricted to 205 children (28% of those fully 
enrolled) with prenatal PBDE and postnatal thyroid parameter data. As illustrated by Figure 1, 
126 children had a TSH, free T4 and total T4 sample at either age 3-years (n=83), 5-years (n=23), 
7-years (n=19) or 9-years (n=1). An additional 64 children had measures at 2 of the 4 age periods 
and 15 children had measures at 3 of the 4 age periods.  
 
Figure 1. Diagram of participant selection from the CCCEH Mothers and Newborns birth cohort  
 
Characteristics of the study population are presented in Table 1. Maternal-child pairs were 




high school education, 24% were married or in a stable relationship, and 37% reported 
experiencing material hardship. Sociodemographic and lifestyle characteristics were similarly 
distributed between children included in the analysis and those excluded due to missing PBDE or 
thyroid parameter data, with the following exceptions: the excluded sample had a higher 
proportion of Dominican participants (69% versus 56%), fewer nulliparous women (42% versus 
51%), and on average infants had lower birthweights (123 grams).  
Table 1. Demographic and lifestyle characteristics, umbilical cord plasma PBDE 
concentrations, and child thyroid parameter concentrations of maternal-child pairs included in 
the analysis (n=205). 
 N (%) or mean±SD 
African American 90 (44) 
Dominican 115 (56) 
Nulliparous 105 (51) 
Maternal age (years) 25.0±4.9 
< High school education 73 (36) 
Stable relationship 49 (24) 
Material hardship 75 (37) 
Male 92 (45) 
Prenatal ETS exposure 73 (36) 
Gestational age (weeks) 39.3±1.3 
Birth weight (grams) 3461±473 
Ever breastfed  115 (56) 
PBDEs (ng/g lipid)  
   BDE-47a  13.9±3.1 
   BDE-99a  3.9±2.6 
   BDE-100a 2.9±2.3 
   BDE-153a 2.6±1.8 
Child thyroid parameters  
   TSH (µIU/mL)a 2.2±1.1 
   Free T4 (pmol/L) 18.0±2.2 
   Total T4 (nmol/L) 142.5±28.2 
ETS: environmental tobacco smoke exposure, PBDE: polybrominated diphenyl ether, TSH: thyroid 




Among children with thyroid data, we detected BDEs-47, -99, -100, and -153 in 78%, 47%, 
36%, and 28% of samples. The geometric mean (±GSD) concentration of BDE-47 (13.9±3.1) 
was more than 3 times that of BDE-99 (3.9±2.6), BDE-100 (2.9±2.3), and BDE-153 (2.6±1.8). 
These 4 congeners were moderately to highly correlated (average Spearman rho across 10 
imputed datasets: 0.42 – 0.80, p<0.01). The distributions of PBDE concentrations were similar 
between the 123 children excluded due to missing thyroid parameter data and the 205 children 
included in the analysis. Likewise, thyroid parameter concentrations among the 156 children 
excluded due to not having a measure of PBDEs were similar to the 205 children included (see 
Table S1). Across ages, the geometric mean (±GSD) TSH concentration was 2.2±1.1 µIU/mL 
and the arithmetic mean free T4 and total T4 concentrations were 18.0±2.2 pmol/L and 
142.5±28.2 nmol/L, respectively. Age-specific thyroid parameter concentrations are presented in 
Table S2.  
 
Table 2 presents associations from GEE models examining cord plasma PBDEs (ng/g lipid) and 
child serum thyroid parameters and Figure 2 plots adjusted mean thyroid parameter 
concentrations stratified by quartile of BDE-47 concentration. Compared to children with BDE-
47 concentrations in the first quartile of the exposure distribution, children in quartiles 2, 3 and 4 
had 17% (95% CI: -31, -2), 22% (-35, -7) and 17% (-29, -2) lower geometric mean TSH levels; 
each quartile increase in BDE-47 concentration was associated with an average 7% decrease in 
TSH concentration (95% CI: -11, -0.7). When expressed as a continuous variable, each 10% 
increase in BDE-47 concentration was associated with a 0.3% decrease in TSH concentration 
(95% CI: -0.9, 0.02). Likewise, compared to children in the first BDE-47 quartile, children in the 




1.51, -0.03) lower mean free T4 levels, respectively. On average, each quartile increase in 
concentration was associated with a 0.28 pmol/L decrease in free T4 concentration (95% CI: -
0.52, -0.05). When expressed as a continuous variable, every 10-fold increase in BDE-47 was 
associated with a 0.56 pmol/L (95% CI: -1.07, -0.06) decrease in free T4 concentration. We did 
not detect associations between BDE-47 and total T4 levels. Likewise, we did not detect 
associations between the 3 other congeners and any childhood thyroid parameter. Results from a 
priori-only models, fully adjusted models, and models excluding observations with an absolute 
internally studentized residual >3 were essentially unchanged from the results presented in Table 
2. Similarly, expression of BDE-47 on a volume basis with or without total lipid levels included 
as a covariate did not impact the magnitude or direction of associations (see Figure S2).  
 
Figure 2. Age and ethnicity-adjusted mean thyroid parameter concentrations by quartile of 
plasma BDE-47 (ng/g lipid).  
 


































Table 2.  Age- and ethnicity-adjusted associationsa between cord plasma PBDEs (ng/g 
lipid) and serum thyroid parameters; N=205 children and 299 thyroid measurements. 
 Log10TSHb (µIU/mL) Free T4 (pmol/L) Total T4 (nmol/L) 
BDE-47    
   Continuous -0.03 (-0.09, 0.02) -0.56 (-1.07, -0.06) -4.36 (-11.72, 3.01) 
   Quartile 2 -0.08 (-0.16, -0.01) -0.59 (-1.44, 0.26) 1.67 (-7.71, 11.05) 
   Quartile 3 -0.11 (-0.19, -0.03) -1.13 (-1.96, -0.29) -7.10 (-16.99, 2.78) 
   Quartile 4 -0.08 (-0.15, -0.01) -0.77 (-1.51, -0.03) -5.68 (-15.61, 4.25) 
   P-trendc 0.03 0.02 0.13 
BDE-99d    
   Continuous -0.02 (-0.08, 0.05) -0.18 (-0.82, 0.45) -3.35 (-12.45, 5.74) 
   Quartile 2 0.00 (-0.08, 0.07) 0.08 (-0.74, 0.91) -1.72 (-12.81, 9.37) 
   Quartile 3 0.01 (-0.08, 0.09) 0.23 (-0.59, 1.05) 3.27 (-8.09, 14.63) 
   Quartile 4 0.04 (-0.06, 0.13) 0.23 (-0.66, 1.13) 2.58 (-8.83, 13.99) 
   P-trendc 0.39 0.53 0.45 
BDE-100    
   Continuous 0.02 (-0.05, 0.08) -0.28 (-1.09, 0.53) -4.39 (-15.12, 6.35) 
   Quartile 2 0.02 (-0.06, 0.09) -0.33 (-1.27, 0.60) 0.86 (-12.80, 14.52) 
   Quartile 3 0.01 (-0.08, 0.10) -0.02 (-0.94, 0.91) 1.87 (-9.58, 13.33) 
   Quartile 4 0.02 (-0.06, 0.10) 0.31 (-0.56, 1.18) 5.90 (-5.12, 16.92) 
   P-trendc 0.71 0.41 0.33 
BDE-153    
   Continuous -0.03 (-0.13, 0.07) -0.52 (-1.50, 0.45) -8.24 (-24.07, 7.59) 
   Quartile 2 0.03 (-0.06, 0.12) -0.05 (-1.00, 0.87) -1.57 (-12.16, 9.01) 
   Quartile 3 0.05 (-0.04, 0.15) 0.11 (-1.03, 1.24) 2.48 (-11.44, 16.39) 
   Quartile 4 0.05 (-0.04, 0.15) 0.34 (-0.50, 1.18) 5.60 (-5.90, 17.10) 
   P-trendc 0.20 0.40 0.28 
aContinuous PBDE concentrations are log10 transformed and quartile 1 is the reference 
group for all quartile analyses; beta coefficients and 95% confidence intervals are 
presented. bPercent change calculated using [1-10β*100]; cTests for trend treat quartiles 




We measured several other suspected endocrine disrupting chemicals among 80 of the 205 
children included in this analysis (n=116 repeated thyroid observations). In models adjusted for 
perchlorate, nitrate and thiocyanate, the association between BDE-47 and free T4 was marginally 
reduced across all quartiles. Adjustment for other co-exposures did not change the direction or 
substantially alter the magnitude of effect estimates, nor did their inclusion improve precision, 
which we evaluated by the width of the 95% confidence interval (see Figure S3).    
 
In cross sectional analyses, we found BDE-47 measured in toddlers (age 2-3 years, n=87) was 
positively associated with total T4 (b (95% CI): Q2 vs Q1: 20.9 (5.7, 36.2), Q3 vs Q1: 6.3 (-8.6, 
21.3), Q4 vs Q1: 14.5 (-0.82, 29.88)). Conversely, we found no association between BDE-47 and 
total T4 measured during middle childhood (age 5-9 years, n=88), or with TSH and free T4 
measured in toddlers or during middle childhood, however, adjusting prenatal BDE-47 models 
for postnatal BDE-47 concentrations did not substantially change the direction or magnitude of 
observed associations (see Figure S4). We did not detect associations between cord plasma BDE-
47 and any cord serum thyroid hormone parameters (n=65) (Fig S5).  
 
Discussion 
This is the first study to examine associations between prenatal exposure to PBDEs and serum 
thyroid parameters measured during childhood and the largest study of cord plasma PBDE 
concentrations in the United States. We observed inverse associations between cord plasma 





Five birth cohort studies (n>100) with comparable maternal or cord blood PBDE concentrations 
in North America have investigated associations with thyroid parameters measured during 
pregnancy or infancy (see Figure S5). Results across these studies include a mix of positive, 
negative and null associations (Abdelouahab et al. 2013b; Chevrier et al. 2010; Herbstman et al. 
2008; Stapleton et al. 2011). As has been previously discussed (Abdelouahab et al. 2013a; 
Chevrier 2013), these inconsistent findings may relate to several factors, including differences in 
source populations, covariate selection, timing of sample collection, assay design, and blood 
source (i.e. cord versus venous). Notably, previous studies have measured thyroid parameters in 
maternal blood (Abdelouahab et al. 2013b; Chevrier et al. 2010; Vuong et al. 2015) collected 
during pregnancy or delivery, cord blood (Abdelouahab et al. 2013b; Herbstman et al. 2008; 
Vuong et al. 2015), or infant blood (Chevrier et al. 2011; Herbstman et al. 2008) collected within 
hours to weeks of birth. To meet the demands of the developing fetus, thyroid system 
homeostasis changes drastically during pregnancy and parturition. For example, in response to an 
estrogen-induced elevation of thyroid binding globulin and placental production of chorionic 
gonadotrophin, maternal T4 levels increase sharply and TSH levels fall during the first trimester. 
During delivery, a stress and cold-evoked surge in TSH occurs in the newborn, followed by a 
reflexive increase in T4 over the next 24-48 hours (Braverman et al. 2013; Fisher and Klein 1981; 
Glinoer 1997). It is possible that the inconsistent findings observed across previous studies may 
be partially attributable to these time-dependent fluctuations in thyroid system functioning.  
 
Although thyroid hormones have short half-lives (7-10 days), circulating levels within an 
individual are stable over time (Andersen et al. 2002; Braverman et al. 2013). This consistency is 




mechanism to regulate circulating levels around an intra-individual set point. Briefly, low 
circulating T3 and T4 levels signal the hypothalamus to release thyroid regulating hormone 
(TRH), which triggers pituitary production of TSH. This hormone subsequently stimulates 
increased production and secretion of T3 and T4 (Braverman et al. 2013). While the molecular 
events involved in maturation of the HPT axis are incompletely understood, evidence from 
animal models and human clinical studies suggests that the setpoint around which this axis 
responds is programmed during gestation (Azizi et al. 1974; Bagattini et al. 2014; Cavaliere et al. 
1985; Walker and Courtin 1985). It is plausible that prenatal disruption of this setpoint underlies 
our findings of an inverse association between BDE-47 with both TSH and free T4. Specifically, 
our findings suggest that BDE-47 may play a role in lowering the HPT setpoint, thereby reducing 
hypothalamic and pituitary responsiveness to low T4 levels.  
 
The impact of prenatal PBDE exposure on TSH and free T4 is further supported by our finding of 
similar effect sizes in models adjusting for childhood PBDE exposure and no direct association 
between childhood exposure and TSH or free T4 levels. Conversely, we detected a positive, cross 
sectional association between BDE-47 and total T4 measured in toddlers, the age period at which 
PBDE exposure peaked for the majority of children. Total T4 reflects hormone bound to 
transport proteins and both animal and in-vitro studies indicate PBDEs may bind and displace T4 
from protein transporters, providing a potential mechanism underlying these observed results 
(Costa et al. 2014). We identified 5 cross-sectional studies that have examined childhood PBDE 
exposure in relation to thyroid parameters (Gascon et al. 2011; Jacobson et al. 2016; P Xu et al. 
2014; X Xu et al. 2014). Similar to studies focused on pregnancy and infancy, results from 




due to differences in study design, a wide range of concentrations, and variation in the 
distribution of PBDE congeners detected.  
 
In addition to the longitudinal design, the present study has several strengths. First, PBDE 
concentrations were comparable to other geographically and temporally similar birth cohorts and 
reflect general population exposure (Cowell et al. 2015; Foster et al. 2011; Herbstman et al. 
2007; Vuong et al. 2015). Additionally, our results were robust to several modeling choices, 
including our decision to express PBDEs on a lipid-standardized basis. Finally, we were able to 
examine many potential confounders, precision variables and effect measure modifiers, including 
demographics, lifestyle factors, and biomarkers of prenatal exposure to several endocrine-
disrupting chemicals, none of which substantially altered our findings. Unfortunately, we were 
not able to evaluate selenium, which is known to be an important determinant of thyroid status 
(Arthur et al. 1999). Additional limitations include our lack of T3 levels, thyroid binding protein 
levels, and PBDE metabolite data, which may more closely resemble endogenous thyroid 
hormones compared to parent congeners (Costa et al. 2014). Finally, we analyzed thyroid 
parameters by immunoassay, which may be affected by variation in serum thyroid binding 
protein levels (Braverman et al. 2013). 
 
Conclusions 
We detected an inverse association between cord plasma BDE-47 concentrations and childhood 
thyroid parameters (TSH and free T4) among a cohort of African American and Dominican 
children. This is the first study to prospectively examine these relations and the largest North 




may disrupt programming of the thyroid regulatory system resulting in disrupted thyroid 
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Figure S1. Figure of the Directed Acyclic Graph illustrating relations between cord plasma 
BDE-47, serum thyroid parameters and measured covariates.  
 
Table S1. Table of mean±SD PBDE and thyroid parameter concentrations for children included 
and excluded from the analysis. 
 
Table S2. Table of mean±SD childhood thyroid hormone levels stratified by age at blood draw, 
n=205 children and 299 measurements. 
 
Figure S2. Results from models examining quartiles of cord plasma BDE-47 expressed on a wet 
weight basis, with and without adjustment for total blood lipids.    
 
Figure S3. Associations between quartiles of prenatal BDE-47 exposure and childhood thyroid 
parameters adjusting for prenatal exposure to several suspected endocrine disrupting chemicals.  
 
Figure S4. Results examining quartiles of cord plasma BDE-47 exposure and thyroid hormone 
parameters, adjusted for childhood BDE-47 exposure.    
 
Figure S5. Figure of results from multiple linear regression models examining the relation 
between log10BDE-47 (ng/g lipid) and thyroid hormone parameters (log10TSH: µIU/mL; free T4: 
ng/dL, total T4: µg/dL) measured as continuous variables reported by six North American birth 





Figure S1. Directed acyclic graph illustrating associations between cord plasma PBDEs, serum 
thyroid hormones and measured covariates.   
 
The dotted purple line represents the causal path between exposure (PBDEs) and outcome 
(thyroid parameter concentration). Dashed red lines represent biasing paths. Green circles 
represent ancestors of the exposure, blue circles represent ancestors of the outcome, grey circles 
represent variables not on a biasing path but related to an ancestor of exposure, red circles 
represent ancestors of the exposure and the outcome. As illustrated, adjusting for ethnicity is 
sufficient to block biasing paths between the exposure and the outcome. We additionally 
examined sex and parity, however, these variables are excluded from the diagram as they were 
not associated with the exposure, the outcome, or any ancestor of these variables. Diagram 




Table S1. Mean±SD PBDE and thyroid parameter concentrations for children included and 
excluded from the analysis.  
 Included Excluded  
Thyroid Parameters (n=205 children, 299 observation) (n=156 children, 214 observation) 
   TSH (µIU/mL)a 2.2±1.1 2.3±1.4 
   fT4 (pmol/L) 18.0±2.2 18.1±2.4 
   Total T4 (nmol/L) 142.5±28.2 144.4±29.0 
PBDEsa (n=205 children) (n=122 children) 
   BDE-47 13.9±3.1 14.6±2.9 
   BDE-99 3.9±2.6 3.5±2.6 
   BDE-100 2.9±2.3 2.9±2.4 
   BDE-153 2.6±1.8 2.7±1.9 





Table S2. Mean±SD childhood thyroid parameter levels stratified by age at blood draw, 
n=205 children and 299 measurements. 
Agea 
(years) N 
TSH (µIU/mL) free T4 (pmol/L) total T4 (nmol/L) 
GM±GSDa Mean±SD Mean±SD 
3.1±0.2 150 2.4±1.2 18.3±2.2  140.6±25.3 
5.0±0.1 73 2.1±1.1 18.1±2.3 145.4±31.8 
7.1±0.2 67 2.1±0.9 17.6±2.1 144.5±30.8 
9.1±0.2 9 1.7±1.2 16.5±2.0 129.9±19.0 
Total 299 2.2±1.1 18.0±2.2  142.5±28.2 







Figure S2. Results from models examining quartiles of cord plasma BDE-47 expressed on a wet 
weight basis, with and without adjustment for total blood lipids. Markers represent beta 
coefficients and error bars represent 95% confidence intervals. Models are adjusted for age at 














Figure S3. Associations between quartiles (Q) of prenatal BDE-47 (ng/g lipid) and childhood 





Sample includes n= 80 children (116 repeated thyroid measures) with data on all co-exposures. 
Markers represent beta coefficients and error bars represent 95% confidence intervals. All 
models are adjusted for age at blood draw and ethnicity; models examining BPA, MEHP, 
triclosan, and perchlorate, thiocyanate and nitrate are additionally adjusted for urine specific 





Figure S4. Results examining quartiles of cord plasma BDE-47 (ng/g lipid) and thyroid hormone 
parameters, adjusted for childhood BDE-47 (ng/g lipid) exposure.  
  
                  
  
Markers represent beta coefficients and error bars represent 95% confidence intervals. Models 
are adjusted for age at blood draw and ethnicity. TSH is expressed as a log10 transformed 





Figure S5. Results from multiple linear regression models examining the relation between 
continuous log10BDE-47 (ng/g lipid) and thyroid parameters reported by six North American 
birth cohort studies. 
 
BDE-47 was measured in maternal blood collected during pregnancy by all studies except 
Herbstman 2008 and the present study (measured in cord blood). Herbstman 2008 and Stapleton 
2011 applied a natural-log transformation to BDE-47 and TSH rather than a log10-
transformation. Stapleton 2011 additionally natural-log transformed free T4. To facilitate 
comparison of our results to others, we re-ran our final models expressing free T4 and total T4 in 
units of ng/dL and µg/dL, respectively. Abdelouahab 2013 modeled cord blood free T4 on a 
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Introduction: Telomeres are repetitive nucleotide sequences located at terminal chromosome 
ends. On average, telomere length shortens with age as a result of base pair loss with each 
mitotic cell division that occur across the lifespan. Substantial evidence supports the importance 
of early life in setting lifelong telomere dynamics, and points to a relationship whereby higher 
psychosocial stress is associated with shorter telomere length.  
Methods: We investigated associations between maternal and newborn telomere length collected 
at delivery, as well as associations between telomere length and measures of financial strain, 
perceived stress and psychological distress experienced by the mother during her pregnancy or 
within 6-months of the child’s birth. We measured relative leukocyte telomere length (rLTL) in 
paired maternal (venous blood) and newborn (cord blood) samples using monochrome multiplex 
quantitative polymerase chain reaction. This study was performed within a large, well-
characterized and prospectively followed birth cohort. 
Results: Maternal blood and cord blood rLTL were moderately correlated (partial Spearman r= 
0.30, p<0.001) and maternal ln-rLTL explained 8% of the variability (R2) in cord blood ln-rLTL.  
We did not detect an association between maternal or newborn rLTL and 1) material hardship, an 
indicator of financial strain, or 2) demoralization, an indicator of non-specific psychological 
distress. In contrast, we detected an inverse, albeit not statistically significant, association 
between maternal perceived stress and newborn rLTL, but not with maternal rLTL. 
Conclusions: Our results examining perceived stress are consistent with previous research and 






Telomeres are repetitive, non-coding hexameric nucleotide sequences (T2AG3 in vertebrates) 
located at terminal chromosome ends (Blackburn 1990). During cell division, chromosomes 
erode owing to limitations of DNA replication machinery, thus telomeres serve a self-sacrificing 
role against damage and degradation of protein coding regions (Bonetti et al. 2013). On average, 
leukocyte telomere length shortens with age as a result of the continuous mitotic cell divisions 
that occur across the lifespan. Several large epidemiological studies indicate that shorter 
telomere length is associated with age-adjusted increased mortality, as well as earlier onset of 
several diseases of aging (reviewed by: D'Mello et al. 2015). Likewise, research conducted in 
birds, a species that is commonly used in telomere research owing to its moderate lifespan—a 
relevant and useful feature for studying the biological impact of aging--has demonstrated that 
telomere length measured in early life predicts lifespan (Heidinger et al. 2012). In humans, as 
newborn telomere length decreases, susceptibility to developing chronic disease in later life 
significantly increases (Biron-Shental et al. 2016). These findings have sparked widespread 
scientific interest in understanding whether telomere length at a given moment during the 
lifespan reflects the cumulative biologic toll, or cellular ‘wear and tear’, that progressively and 
inevitably occurs with age.  
 
Telomere length is highly heritable (~70%), however, genetic variants identified through 
candidate gene and genome-wide association studies indicate only a small proportion of inter-
individual difference in telomere length is attributable to genetic variability (Broer et al. 2013). 
For example, healthy children with normal telomerase born to parents with defective telomerase, 




have shorter telomeres at birth compared to children with parents that have normal functioning 
telomerase (Aubert and Lansdorp 2008; Collopy et al. 2015).  
 
In adults, mounting evidence links shorter telomere length with experiences of socioeconomic 
deprivation, stress and psychiatric disorders (primarily depression) (Darrow et al. 2016; 
Lindqvist et al. 2015). Many of these studies, which are largely cross-sectional by design, have 
concluded that shorter telomere length in adulthood is attributable to adversities experienced 
during early life. For example, young adults born to mothers who experienced a severe stressor 
during pregnancy (n=45), assessed by retrospective maternal-report, were found to have 
significantly shorter telomeres compared to young adults born to mothers who had a healthy, 
uneventful pregnancy (n=49) (Entringer et al. 2011).  
 
Despite mounting evidence supporting the importance of early life in setting telomere length 
across the lifespan, few studies have investigated maternal and newborn telomeres in relation to 
maternal stress and adversity experienced during pregnancy. In the present study, we 
investigated associations between telomere length in paired maternal-newborn samples collected 
at delivery. We additionally investigated associations between telomere length and measures of 
self-reported financial strain, perceived stress and psychological distress.  
 
Materials and Methods 
Study population  
This study was conducted among a subset of the 727 maternal-child pairs enrolled in the 




cohort, which recruited pregnant women from two prenatal clinics in Northern Manhattan 
between 1998 and 2006 (Perera et al. 2006; Whyatt et al. 2002). Women were excluded if they 
were carrying multiples (e.g., twins, triplets), were outside the ages of 18-35, initiated prenatal 
care after the 20th week of pregnancy, used tobacco products or illicit drugs, or had diabetes, 
hypertension or HIV. All newborns were healthy at birth. 
	
Study interview  
During the third trimester of pregnancy, trained research workers conducted a structured 
interview with the mother to ascertain information on demographic, socioeconomic and lifestyle 
factors. Research workers additionally extracted information related to the pregnancy and 
delivery (birthweight, gestational age, delivery mode) from maternal and newborn medical 
records. We calculated maternal pre-pregnancy body mass index (BMI) in kg/m2 using maternal 
report of pre-pregnancy weight and height. As previously described, we validated self-reported 
height against measures extracted from maternal medical records and measures taken at postnatal 
study visits (Widen et al. 2016). Information on exposure to environmental tobacco smoke 
during pregnancy was assessed by maternal report of smokers living in the home, as well as by 
maternal and cord blood concentrations of cotinine, a short half-life biomarker that reflects 
recent exposure to tobacco smoke. In cases where either cord (n=17) or maternal (n=21) cotinine 
was missing, we imputed one from the other using a regression model as previously described 
(Rauh et al. 2004).   
 
Stress is a multidimensional construct in which objective stressors are appraised and 
subsequently yield emotional responses (Lobel and Dunkel-Schetter 1990). Structural equation 




emotional dimensions of stress, supporting evaluation of each as a distinct exposure (Lobel et al. 
1992). In the present study, we operationalized stress using scales that span these dimensions. 
We examined objective stress using an index of material hardship adapted from a survey 
designed to compare poverty and hardship distributions in urban environments; specific 
questions related to unmet basic needs in the areas of food, housing and clothing (Mayer and 
Jencks 1988). We evaluated maternal stress appraisal using the 4-item Cohen’s Perceived Stress 
Scale (PSS-4), which was administered within 6-months of the child’s birth. The PSS-4 is a 
validated self-report instrument that provides a subjective measure of how stressful one finds her 
life over the preceding month across the dimensions of unpredictability, uncontrollability and 
overload; it is completed by answering how often (never to very often) each of four items applies 
using a 5-point scale (Cohen et al. 1983). While the PSS-4 was not administered until the 6-
month follow-up visit, repeated measures collected during the child’s early life (12, 24, 36 
months) indicate that scores are generally stable across time (RPearson: 6-months vs. 12-months = 
0.51, 6-months vs. 24-months = 0.48, 6-months vs. 36-months = 0.32, all p<0.0001) in this 
cohort, suggesting that stress perceptions during pregnancy may be reasonably captured by data 
collected at the 6-month follow-up visit. Additionally, while we administered only the 4-item 
version during early life, the full 14-item version (PSS-14) was administered to mothers at 5- and 
7-year follow-up visits. PSS-4 scores at the 6-month visit were moderately correlated with the 
PSS-14 scores administered at these later ages (RPearson: 5 years: 0.45, 7 years: 0.46, p<0.0001). 
We examined maternal demoralization using the Psychiatric Epidemiology Research Instrument 
Demoralization scale (PERI-D), which was completed during the prenatal study visit. The PERI-
D is a validated self-report instrument designed to measure nonspecific psychological distress 




physical symptoms, poor self-esteem, hopelessness-helplessness, confused thinking and dread 
(Dohrenwend et al. 1981). The scale includes 27 items that are answered based on the degree to 
which they apply (never to very often) and scored by averaging the score across all items 
resulting in a possible range from 0 to 4, with higher scores indicating greater demoralization.  
 
Blood collection, processing and storage 
Immediately following delivery, blood was collected from the umbilical cord (30-60 ml) by a 
member of the research staff; within two days of the child’s birth, maternal blood was collected 
by venipuncture. Buffy coat was separated from whole blood by centrifugation, processed, and 
stored at -70C in the CCCEH laboratory space. Genomic DNA (100-500 ng) was isolated from 
leukocytes using the standard phenol-chloroform extraction protocol. 
 
Telomere measurement  
We measured relative leukocyte telomere length (rLTL) using multiplex monochrome 
quantitative polymerase chain reaction (MMqPCR) on a BioRad CFX96 Lightcycler (Life 
Science Group, Hercules, CA, USA). All paired maternal-cord samples were assayed on the 
same plate. In addition to experimental samples, each plate contained a 6-point standard curve 
derived from serially diluted reference DNA (0.625-150 ng), a calibrator sample comprised of 
pooled DNA, and a no template control (water). All experimental and control samples were 
assayed in triplicate. The primers for the telomere PCR were telc: 5′-
TGTTAGGTA(TCCCTA)5ACA-3′ and telg: 5′-ACACTAAGG(TTT GGG)4TTAGTG T-3′, each 
used at a final concentration of 600 nM (Life Technologies). The primers for the single-copy 




GCCCGGCCCGCCGCGCCCGTCCCGCCGGAAAAGCATGGTCGCCTGTT-3′ and albu: 5′-
CGGCGGCGGGCGGCGCGGGCTGGGCGGAAATGCTGCACAGAATCCTTG-3′, each used 
at a final concentration of 250 nM (Life Technologies). The final reaction mixture was 
comprised of 12.5 µl of 1x iQ SYBR Green Supermix (BioRad), 6.4 µl water, and 5 µl of 
genomic DNA at a concentration of 2 ng/µl. The thermal cycling profile consisted of: stage 1) 1 
cycle at 95°C for 3 min, stage 2) 2 cycles of 94°C for 15 sec and 49°C for 15 sec, and stage 3) 32 
cycles of 94°C for 15 sec, 62°C for 10 sec, 74°C for 10 sec (with telomere signal acquisition), 
84°C for 10 sec, 88°C for 10 sec (with albumin signal acquisition). 
 
We divided the telomere (T) copy number by albumin (S) copy number to calculate the well-
specific T/S ratio before taking the mean across triplicates. The T/S ratio is a unitless measure 
proportional to the average telomere length across all chromosomes for all cells sampled. If one 
triplicate did not produce results or if the triplicate failed quality assurance/quality control 
(QA/QC) criteria, defined as a triplicate coefficient of variation (CV) greater than 1.5 times the 
interquartile range of triplicates across all samples, we averaged the results from the remaining 
two wells (n=13 cord blood samples, n=20 maternal samples). If two of the three triplicates did 
not produce results or failed QA/QC, we excluded the sample from statistical analyses.  
 
The inter-plate cycle threshold (Ct) and copy number (Cn) CVs for the pooled ‘calibrator’ sample 
included on each plate were 1.2% and 10.6%, respectively. Across plates, the rLTL for the 
calibrator sample ranged from 0.54 to 0.89 with a mean±standard deviation of 0.74±0.08. To 




‘calibrator’ sample on a given plate by the mean of calibrator samples across all plates. We then 
standardized experimental rLTLs by this plate-specific ‘normalizing’ factor.  
 
Total WBCs are a heterogeneous group of nucleated cells and telomere length has been shown to 
vary in these different cell types (Robertson et al. 2000, Rufer et al. 1999). We used an algorithm 
for estimating cell proportions in cord blood based on genome-wide DNA methylation data 
(Koestler et al. 2013, Bakulski 2016), which we previously measured in a subset of our samples 
(n=98) using the Illumina Infinium 450K HumanMethylation array. We did not find that cell 
distribution was a significant predictor of rLTL using a storage time-adjusted multivariable linear 
regression model excluding granulocytes (p-values for each cell type in model: B cells (0.56), 
CD4T cells (0.44), CD8T cells (0.95), monocytes (0.24), natural killer cells (0.79), nucleated red 
blood cells (0.39)). Methylation data have not been measured in maternal samples, therefore, we 
were unable to examine associations between cell type and maternal rLTL.  
 
As indicated by NanoDrop 260/280 absorbance ratios, 98% of samples exceeded the generally 
accepted threshold (1.8) for DNA purity; the remaining 3 samples had a ratio of 1.7.  Previous 
research has demonstrated that storage conditions and other pre-analytical conditions can impact 
telomere length as measured by qPCR (Dagnall et al. 2017; Reichert et al. 2017; Tolios et al. 
2015). No changes to our study protocol changed over the 8-year cohort enrollment period 
(1998-2006), however, we found that rLTL was non-linearly associated with date of sample 
collection, such that rLTL increased steeply during the first two years of the study (5% increase 
in rLTL per month between 1998 and 1999, p<0.001), after which the slope flattened and 




samples (see Supplemental Material, Figure S2). Given this finding, we excluded samples 
collected during the first two years of the study (n=46) from all statistical analyses and a priori 
adjusted regression models by storage time as a continuous variable.  
 
Statistical analysis 
We examined descriptive statistics for maternal and cord blood rLTL and visualized distributions 
using boxplots and histograms. We calculated Spearman correlation coefficients between 
maternal and newborn rLTL and visualized this relationship using a scatter plot. We examined 
the percent of variability in cord blood rLTL attributable to maternal rLTL (R2) by regressing ln-
transformed cord blood rLTL on ln-transformed maternal rLTL. 
 
We examined associations between rLTL and several demographic and lifestyle characteristics 
that have been previously related to adult and/or cord blood rLTL, including maternal age 
(continuous, in days), ethnicity (African American vs. Dominican), pre-pregnancy BMI (>25 
kg/m2 vs. £ 25 kg/m2), presence of a smoker in the home (yes vs. no), maternal or cord blood 
cotinine (continuous, in ng/ml), child sex, gestational age (weeks), birthweight (grams), mode of 
delivery (vaginal vs. cesarean section), and parity (multiparous vs. nulliparous).  
 
We used linear regression to examine associations between ln-transformed maternal or newborn 
rLTL with material hardship (2 or 3 vs. 0 or 1 hardships), maternal psychological distress (fourth 
quartile of PERI-D scores vs. lower three quartiles), and maternal perceived stress (fourth 
quartile of PSS-4 scores vs. lower three quartiles), in separate models adjusted for storage time. 




pregnancy BMI, each of which was marginally statistically significantly related to rLTL in 
bivariate models (Table 1). To investigate whether maternal experiences may indirectly affect 
fetal telomere length without affecting maternal telomere length, we examined newborn rLTL in 
models adjusting for maternal rLTL. We additionally adjusted this model for birthweight, which 
was marginally statistically significantly associated with cord blood rLTL. We investigated the 
influence of outlying points by examining models excluding observations with a rLTL greater 
than 1.5 times the interquartile range above the 75th percentile of ln-transformed values (maternal 




This analysis includes rLTL measured in 145 paired maternal (venous) and newborn (umbilical 
cord) blood samples collected between 2000 and 2006 (Figure 1). We excluded four of these 145 
pairs from final models due to missing information on covariates. All maternal-newborn pairs 
were African American (33%) or Dominican (67%). At delivery, mothers were, on average, 25 
years of age, 40% had less than a high school education, 33% reported living with a cigarette 
smoker, and 21% reported experiencing high material hardship, defined as two or more unmet 
basic needs in the areas of food, clothing, and housing. Before becoming pregnant, 49% of 
mothers were overweight or obese (BMI > 25 kg/m2). Three children were born prematurely (at 
36 weeks gestation), however, none of these newborns were classified as low birthweight based 
on a threshold of 2,500 grams. Maternal demoralization scores ranged from 0 to 3.1 (maximum 
possible: 4) with a mean±standard deviation score of 1.2±0.7 and perceived stress scores ranged 




average, children included in the analysis were born two days later (p=0.05) and weighted 144 
grams more at birth (p<0.001) compared to children enrolled in the cohort but not included in the 
present analysis. Included children did not significantly differ from excluded children by any 
other sociodemographic, lifestyle or stress variables investigated.  
 
Figure 1. Overview of study design and sample selection. 
 
 
Maternal and cord blood rLTL at delivery  
Relative LTL measured in maternal and cord blood samples was approximately log-normally 
distributed (see Supplemental Material, Figure S1). As expected, rLTL was generally longer and 




deviation: aGM±GSE: 1.83±1.04, range 0.32-5.12) compared to maternal blood (0.81±1.03, 
range: 0.26-2.19). Maternal blood and cord blood rLTL were moderately correlated (partial 
Spearman r= 0.30, p<0.001); maternal ln-rLTL at delivery explained 8% of the variability (R2) 
in cord blood ln-rLTL (Figure 2).  
 
Figure 2. Relationship between maternal (venous) versus newborn (cord blood) rLTL collected 
at the time of delivery.  
 
 
Relative LTL in relation to physical and sociodemographic variables 
Table 1 presents storage time-adjusted geometric mean rLTLs for mothers and newborns 
stratified by several sociodemographic and other participant characteristics. Maternal age was 
inversely associated with maternal rLTL (0.3% decrease per year, 95% CI: -1.4, 0.7); the oldest 
25% of mothers in the cohort (30-36 years at delivery) had rLTLs that were approximately 7% 




these associations were not statistically significant at the p=0.05 level. On average, rLTL was 
approximately 8% shorter (95% CI: -17.6, 3.4) among African American compared to 
Dominican mothers. We observed no difference by ethnicity (p=0.35) among newborns. 
Mothers who were overweight or obese (BMI ³ 25, n=69) before pregnancy had rLTLs that were 
approximately 6% (95% CI: -15.3, 4.8) shorter compared to healthy (n=68) and underweight 
(n=7) mothers. For each unit increase in maternal pre-pregnancy BMI, maternal rLTL decreased 
by 0.7% (95% CI: -1.6, 0.1) and newborn rLTL decreased by 0.9% (95% CI: -1.9, 0.2).  
 
Maternal rLTL did not vary by maternal level of education (less than high school vs. high school 
degree or equivalent) (p=0.54), however, newborns born to mothers with less than a high school 
degree had 16% (95% CI: -27.1, -3.0) shorter rLTL compared to newborns born to mothers with 
a high school degree. We observed no differences in rLTL by smoker living in the home 
(mother: p=0.46, newborn: p=0.89) or cotinine level (mother: p=0.86, newborn: p=0.26) among 
mothers or newborns. Among newborns, each additional kilogram of birthweight was associated 
with 13.5% shorter rLTL (95% CI: -26.6, 2.0). Cord blood rLTL was approximately 16% shorter 
(95% CI: -29.5, 1.3) among newborns born to multiparous versus nulliparous mothers, however, 
this finding was attenuated (8% shorter, 95% CI: -21.1, 6.1) when adjusted for birth weight, 
which was on average 127 grams greater among newborns born to multiparous mothers 
(p=0.08). Adjusting for age did not change the results between parity and rLTL in models with or 
without birthweight. Newborn rLTL did not significantly vary by mode of delivery (vaginal vs. 
cesarean section) (p=0.89), gestational age (weeks) (p=0.42) or sex (p=0.63).  
 




We did not detect statistically significant associations between material hardship, maternal 
perceived stress or maternal demoralization in relation to maternal or newborn rLTL (see Figure 
3 and Supplemental Material, Table S1). In adjusted (maternal rLTL, education, birthweight) 
models, newborns born to mothers with high perceived stress scores (quartile 4) had rLTLs that 
were approximately 13% shorter (95% CI: -25.7, 1.3), compared to newborns born to mothers 
with low scores (quartiles 1-3). This association was attenuated, yet still large (percent change: -
9.8, 95% CI: -21.9, 4.4) in models excluding 2 newborns with outlying rLTLs. Excluding these 
newborns did not substantially change the direction or magnitude of effects across other models 




Table 1. Geometric mean±geometric standard errora rLTL 
stratified by sociodemographic and other characteristics of 
maternal-child pairs in the CCCEH cohort (n=141) 
 N Mother Newborn 
All 141 0.81±1.03 1.83±1.04 
Ethnicity    
   African American 47 0.77±1.05 1.74±1.07 
   Dominican 94 0.83±1.04 1.88±1.05 
Age (years)    
   18-20 34 0.81±1.06 1.84±1.08 
   21-24.5 38 0.82±1.05 1.86±1.07 
   24.5-29 37 0.84±1.06 1.75±1.08 
   30-36 32 0.76±1.06 1.87±1.08 
Body mass index    
   < 25 mg/kg2 72 0.83±1.04 1.91±1.05 
   ³ 25 mg/kg2 69 0.78±1.04 1.75±1.06 
Parity    
   Nulliparous 61 0.83±1.06 1.93±1.06 
   Multiparous 79 0.79±1.04 1.73±1.06 
Maternal education    
   < high school 57 0.79±1.05 1.65±1.06 
   ³ high school 84 0.82±1.04 1.96±1.05 
Sex    
   Girls 78 ¾ 1.86±1.05 
   Boys 63 ¾ 1.79±1.06 
Gestational age (weeks)    
   < 39 26 ¾ 1.79±1.09 
   ³ 39 115 ¾ 1.84±1.04 
Birthweight (grams)    
   £ 3190 35 ¾ 1.96±1.08 
   3191 -3480 38 ¾ 1.82±1.08 
   3481-3818 33 ¾ 1.78±1.11 
   > 3818 35 ¾ 1.77±1.08 
Material hardship    
   Yes (2-3 hardships) 30 0.81±1.06 1.82±1.09 
   No (0-1 hardships) 111 0.81±1.03 1.83±1.04 
Perceived stress    
   Low/moderate (Q1-Q3) 104 0.80±1.04 1.90±1.09 
   High (Q4) 37 0.82±1.06 1.67±1.09 
Demoralization    
   Low/moderate (Q1-Q3) 102 0.81±1.04 1.80±1.05 
   High (Q4) 39 0.80±1.05 1.91±1.07 




Figure 3. Percent change in maternal and newborn rLTL by high vs. low material hardship, 
maternal perceived stress and maternal demoralization.  
 
Model 2: maternal model adjusted for storage time, maternal age at delivery, ethnicity and pre-
pregnancy BMI; newborn model adjusted for storage time, birthweight, maternal level of 







In the present study, we investigated rLTL in samples collected from maternal-newborn pairs in 
relation to objective, perceptive and emotional measures of stress. We detected no association 
between maternal or newborn rLTL and material hardship or demoralization-- an indicator of 
non-specific psychological distress. Interestingly, while we did not detect an association with 
material hardship, we found that rLTL was significantly lower (-16%, 95% CI: -27.1, -3.0) 
among newborns born to mothers with less than a high school education, an indicator of low 
socioeconomic status, compared to mothers with a high school degree or more. This is consistent 
with previous research examining parental education in relation to telomere length in children. 
For example, Needham et al. found that children (n=70) ages 7-13 years old of parents who 
never attended college had significantly shorter (1,178 base pairs, p=0.01) telomeres compared 
to children with at least one college educated parent (Needham et al. 2012). 
 
We detected an inverse, albeit not statistically significant, association between maternal 
perceived stress and newborn rLTL. This finding is consistent with results reported by Send et al. 
who found that maternal perceived stress, measured using the PSS-14 administered during the 
third trimester, was associated with significantly shorter rLTL in cord blood collected from 318 
newborns, but not in saliva collected from mothers at the time of delivery (Send et al. 2017). 
Likewise, a meta-analysis of 8,724 individuals from 22 studies detected only a small inverse 
association between perceived stress and age-adjusted telomere length in adults (Mathur et al. 
2016). Three smaller studies have reported similar findings between maternal pregnancy-specific 
stress (n=27) (Entringer et al. 2013), perceived stress (n=71) (Salihu et al. 2016), or experiences 




and shorter newborn telomere length.  
 
Our finding of an association between maternal perceived stress and newborn rLTL, independent 
of maternal rLTL, as well no association between stress and maternal rLTL suggests that 
maternal stress may indirectly affect the developing fetus (versus direct transmission of maternal 
stress-induced shortened germline telomeres). Indirect transmission is supported by the results of 
experimental research conducted in birds. For example, Haussmann et al. showed that chicks 
exposed to elevated glucocorticoids (cortisol in humans, corticosterone in birds) during 
embryogenesis via direct injection of corticosterone into egg yolks had shorter telomeres and 
higher baseline plasma reactive oxygen metabolite levels after hatching compared to control 
chicks (Haussmann et al. 2015). A similar study showed that mother zebra finches exposed to 
glucocorticoids during egg production had higher levels of reactive oxygen metabolites, 
accelerated telomere attrition and hatched chicks with shorter telomeres compared to control 
birds (Tissier et al. 2014). While this later finding suggests that maternally-transferred hormone 
levels can impact telomere dynamics during embryogenesis, it also leaves open the possibility of 
direct maternal transmission. Research using a cross-fostering design in which telomere length 
could be measured directly in maternal gametes would be required to more fully understand the 
pathways underlying the intergenerational transmission of stress-induced shortened telomeres. 
Notably, both studies found glucocorticoid exposure was associated with greater reactive oxygen 
metabolites, suggesting that the observed telomere attrition may be in part driven through 
glucocorticoid-mediated oxidative stress pathways. Telomeres (TTAGGG) are known to be 
particularly susceptible to damage by reactive oxygen species, which preferentially bind to 





Our finding of a marginally statistically significant association between higher maternal pre-
pregnancy BMI and lower maternal rLTL (0.7% decrease per BMI unit increase, 95% CI: -1.6, 
0.1) is consistent with results of previous research showing BMI, percent body fat and waist 
circumference were significantly inversely associated with rLTL in a sample of obese women 
(n=54) (Shin and Lee 2016). Likewise, the association we observed with newborn rLTL (0.9% 
decrease per BMI unit increase, 95% CI: -2.0, 0.2) is consistent with results from a large cohort 
study (n=743) that found an inverse association (0.7% decrease per unit BMI increase, 95% CI: -
2.0, 0.2) between maternal pre-pregnancy BMI and cord blood rLTL (Martens et al. 2016). 
Obesity is associated with higher chronic oxidative stress, for example, as indicated by increased 
lipid peroxidation products among obese individuals (Szokalska et al. 2016; Zelzer et al. 2011). 
This suggests that oxidative stress pathways may underlie associations between psychosocial 
stress and decreased telomere length. Newborn birthweight was inversely associated with rLTL 
and this association remained marginally significant after adjusting for parity, pre-pregnancy 
BMI and maternal rLTL in separate models.  
 
With regard to demographic variables, we did not observe significant differences in rLTL by age, 
sex or ethnicity, however, the inverse direction of the maternal age-maternal rLTL association 
was consistent with the general trend of average telomere shortening across the lifespan. While 
longer telomere lengths have been consistently observed among adult women compared to men 
(Gardner 2014), findings in newborns have been less consistent, suggesting that the telomere 
length by sex divergence in adults may reflect differential telomere erosion. For example, in a 




association between sex and LTL measured by southern blotting (Okuda et al. 2002). 
Conversely, in a cohort (n=318) of primarily white infants (86%), Send et al found that telomeres 
were significantly longer in female compared to male newborns (Send et al. 2017). Similarly, 
patterns between telomere length and race/ethnicity have varied across studies. In our cohort, 
rLTL was generally shorter among African American mothers and newborns compared to 
Dominican mothers and newborns; however, these associations were not statistically significant. 
This is consistent with results from a large multiethnic cohort of adults, which found blacks and 
Hispanics had shorter rLTLs compared to whites, but no difference in rLTL when compared to 
each other (Diez Roux et al. 2009). Likewise, Okuda et al. did not detect differences in telomere 
length between black, white and Hispanic newborns (Okuda et al. 2002). In contrast, among 
5,360 adults enrolled in the National Health and Nutrition Examination Survey, African 
American participants had significantly longer rLTLs compared to Mexican-Americans and 
whites (Needham et al. 2015). 
 
Strengths of this study include the relatively large sample size compared to the majority of 
previous research examining gestational stress in relation to newborn telomere length (Entringer 
et al. 2013; Marchetto et al. 2016; Salihu et al. 2016). Additionally, the only other large study of 
paired maternal-newborn rLTLs was conducted in a largely white population (Send et al. 2017); 
the present study extends this research to a minority population. While we were able to 
investigate the influence of many sociodemographic and other lifestyle characteristics, we did 
not have information on paternal age, which is a well-established determinant of newborn 
telomere length, likely due to the upregulation of telomerase in sperm that occurs with age (Aviv 





We assessed objective and emotional dimensions of stress collected during the prenatal period, 
however, our measure of perceived stress was not ascertained until 6 months following the 
child’s birth. While the correlation between PSS-4 scores from repeatedly administered exams 
between 6 months and 36 months were moderate to high in this cohort, it is possible that some 
mothers were misclassified as having high stress during the prenatal visit or vice versa. Given 
this important limitation, the inverse association we observed between PSS-4 scores and 
newborn rLTL should be interpreted with caution.  
 
We measured rLTL in samples that had been stored between 10 and 18 years. As described, 
rLTL measured in samples collected during the earliest two years of the study (1998 and 1999) 
was significantly associated with date of collection. To our knowledge, no major study protocols 
or laboratory conditions changed during the first two study years compared to the later six years, 
giving rise to the possibility that the non-random variation by date of collection that we observed 
may relate to the longer storage duration of the earliest samples (i.e. a storage time threshold 
effect). Multiple studies have been conducted with the goal of investigating the influence of pre-
analytic variables on telomere length (Cunningham et al. 2013; Raschenberger et al. 2016; Tolios 
et al. 2015), however, few have examined the influence of long-term (>5 years) storage (Dagnall 
et al. 2017; Reichert et al. 2017). If long-term storage does impact telomere length, this would 
have important implications for future longitudinal research aiming to investigate telomere 
length in archived samples. Due to the potential for batch effects, it is common practice in 
longitudinal studies to run all samples collected within an individual on the same plate, which 




and chronological aging over time. While it is possible to statistically adjust for storage time, 
when age-related change (i.e. telomere erosion) is the variable of interest, a statistical conundrum 
arises if variability introduced by storage duration co-varies with the chronological age-related 
changes of interest. While little evidence is available that concretely indicates storage time is a 
concern when analyzing telomere length by qPCR, our results suggest researchers planning to 
use archived samples should consider the possibility of non-random variation by long-term 
storage. 
 
In conclusion, our study supports previous research showing that maternal perceived stress 
during pregnancy may be inversely associated with telomere length among newborns, however, 
our findings should be interpreted with caution as our measure of perceived stress was not 
collected until 6 months following the child’s birth. Telomere length at birth and attrition during 
early childhood are thought to be the most important determinants of telomere length in 
adulthood. Given our findings, this pattern suggests programs and interventions designed to 
support mothers and minimize stress and stress perception during pregnancy may have lasting 
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Supplemental Figure S1. Distribution of newborn and maternal rLTL. 
 
 
Supplemental Table S1. Percent changea (95% confidence interval) in paired maternal and 
newborn ln-rLTL by level of financial strain, perceived stress and demoralization (n=141) 
 Material hardships 
(2-3 vs. 0-1) 
Perceived stress 
(Q4 vs Q1-3) 
Demoralization 
(Q4 vs Q1-3) 
Maternal (venous blood)    
   Model 1b 0.11 (-12.25, 14.21) 2.17 (-9.65, 15.55) -2.18(-13.27, 9.37) 
   Model 2c 0.87 (-13.07, 13.05) 1.08 (-10.56, 14.24) -3.00 (-13.89, 9.25) 
   Model 3d -0.84 (-12.27, 12.09) 0.81 (-10.08, 13.03) -3.18 (-13.36, 7.58) 
Newborn (cord blood)    
   Model 1b -0.74 (-16.66, 18.23) -11.86 (-25.03, 3.62) 6.27 (-9.39, 24.66) 
   Model 2c -1.28 (-16.75, 17.06) -12.9 3 (-25.40, 1.62) 5.46 (-9.57, 23.00) 
   Model 3d 1.47 (-13.18, 18.59) -10.38 (-21.59, 4.67) 3.72 (-9.99, 19.49) 
aPercent change calculated as: Positve: 𝑒> − 1 ×100; Negative: 1 − 𝑒> ×100 
bModel 1: A priori adjusted for storage time 
cModel 2: Maternal model adjusted for storage time, age, ethnicity and pre-pregnancy BMI; 
newborn model adjusted for storage time, birthweight, maternal education and maternal rLTL. 




Supplemental Figure S2a. Relative LTL by storage time modeled as a cubic polynomial. 
 
Supplemental Figure S2b. Relative LTL by storage time modeled as a linear variable, 





CONCLUSION AND FUTURE DIRECTIONS 
We conducted the research presented in Chapters 2 through 6 to address the unifying question: 
“Can telomeres be used as a biomarker of cumulative ‘wear and tear’ indicative of disease 
susceptibility in environmental epidemiology studies examining neurotoxicant exposure and 
associated developmental outcomes?” We operationalized this research project into three specific 
aims and seven corresponding hypotheses. The main results of these aims and hypotheses, as 






KEY FINDINGS FROM PROJECT I: PBDE EXPOSURE OVER THE EARLY LIFECOURSE IN 
RELATION TO NEUROENDOCRINE OUTCOMES 
 
 
Our research on prenatal and postnatal exposure to PBDEs contributes new information on 
important determinants of exposure, including modifiable factors such as cleaning behaviors. 
The work additionally contributes an improved understanding of how exposure changes during 
early life, as well as how body burdens in young children have changed since the phase-out of 
these relatively long half-life compounds. Lastly, this work adds to the growing number of 
studies linking PBDE exposure with neuroendocrine disruption. The aims of Project I were 1) to 
test the hypothesis that in samples collected between birth and age 9 years, PBDE detection 
frequencies would be nearly 100% and concentrations would peak during toddler years (Specific 
Aim 1.1); 2) to test the hypothesis that high exposure to PBDEs during prenatal and/or postnatal 
development would be associated with reduced memory performance among children (Specific 
Aim 1.2); and 3) to test the hypothesis that prenatal, but not postnatal, exposure to PBDEs would 
be associated with decreased T4 and increased TSH levels during childhood.   
Our analysis of determinants of cord blood PBDE concentrations (Chapter 2) showed that over 
80% of newborns born in New York City between 1998 and 2006 were exposed to PBDEs 
during gestation. We found that African American newborns had significantly higher cord blood 
concentrations compared to Dominican infants, likely due the generally greater amount of time 
African American mothers had lived in the United States before giving birth, where PBDE 
concentrations are the highest in the world. Cord plasma PBDE concentrations decreased only 
modestly between 1998 and 2006, indicating that despite their phase-out in 2004, fetal exposure 




these chemicals.   
Our longitudinal investigation of prenatal and postnatal plasma PBDE concentrations (Chapter 3) 
is the largest and highest resolution study of PBDE exposure during childhood. The study 
contributes to our understanding of how PBDEs are changing across both time and age. We 
found that over a 15-year period between 1998 and 2013, concentrations generally decreased 
independent of child age. Consistent with our hypothesis that children would be ubiquitously 
exposed, we detected pentaBDE concentrations in 100% of plasma samples collected between 
the ages of 2 and 9 years.   
Additionally, we used LCGA, also known as group-based trajectory modeling (GBTM), to 
estimate trajectories of PBDE exposure across early life. LCGA is a statistical approach that was 
developed in the fields of criminology and econometrics (Nagin 2005; Nagin 2014). It has been 
used extensively by psychologists and child developmental scientists, however, despite its 
applicability to exposure science and environmental epidemiology, it has not been widely used in 
these fields. The approach allows researchers to model changes in exposure over time and is 
robust to variation in timing of exposure between subjects within a follow-up period, as well as 
to missing data across follow-up periods. Here, we demonstrate how this approach can be used in 
the environmental health sciences to study determinants of exposure patterns, as well as exposure 
patterns in relation to distal health outcomes. We estimated several different trajectories of 
PBDE exposure during childhood. Consistent with our hypothesis, the majority of children were 
characterized by either low exposure throughout early life or exposure that peaked during toddler 
years. We further found that several modifiable factors predicted patterns of exposure during 
early life, thereby providing information that may be used by researchers studying and/or 





Our investigation of PBDE trajectories in relation to early adolescent memory domains (Chapter 
4) aimed to tease apart the importance of PBDE exposure timing. Several previous studies have 
found associations between prenatal or postnatal exposure to PBDEs and disrupted 
neurodevelopmental outcomes (across both cognitive and behavioral domains), however, few 
studies have measured concentrations at both time periods. We aimed to better understand 
whether exposure during gestation, when the brain undergoes its most rapid development, is as 
or more important than exposure during early childhood- a period of continued brain 
development and also the timing of peak exposure for the majority of children. Our results 
suggest that different domains of the developing brain may be most sensitive to disruption by 
PBDE exposure during prenatal (working memory) and postnatal (visual memory) periods. 
Further, we detected a significant interaction between prenatal PBDE exposure and sex on 
working memory outcomes, highlighting the importance of investigating sex-specific effects 
when investigating exposure to developmental neurotoxicants.  
 
Our analysis of prenatal exposure to PBDEs in relation to thyroid hormone levels measured 
repeatedly during childhood (Chapter 5) is the first study to prospectively investigate these 
associations. Previous research in humans has measured thyroid hormone parameters in cord 
blood or maternal blood collected during pregnancy or delivery, with conflicting results. Our 
prospective design is advantageous as thyroid hormone levels during pregnancy and parturition 
are known to fluctuate widely, which may introduce measurement error in studies measuring 
thyroid hormone levels during these periods. Based on findings in animal research, as well as the 




1), we hypothesized that PBDE exposure would be associated with decreased T4 levels and 
increased TSH levels.  
Figure 1. Overview of the HPT axis and feedback relationship between TSH and free T4 
 
However, we found that prenatal BDE-47 exposure was associated with lower levels of both T4 
and TSH. Although concentrations in our study were generally within the healthy range of 
thyroid hormone levels, this pattern is consistent with a ‘secondary hypothyroidism’ phenotype, 
in which dysfunction occurs at the level of the hypothalamus or pituitary (Zoeller et al 2007). As 
illustrated by Figure 1, circulating thyroid hormones are regulated under the control of the HPT 
axis, which responds to low levels of T3 and T4 by stimulating hypothalamic and pituitary 
production of TSH. The set point at which this negative feedback mechanism responds is thought 
to be programmed during gestation (Fisher and Klein 1981), thus it is possible that prenatal 
PBDE exposure interferes with prenatal programming of this setpoint, resulting in dysregulated 




KEY FINDINGS FOR PROJECT II: CHARACTERIZATION OF TELOMERE DYNAMICS OVER 




Our goals for the project investigating telomere dynamics across early life were: 1) to 
characterize baseline variation (cord blood) and patterns of leukocyte telomere length change 
between birth and age 9 years, as well as to understand how newborn telomere length relates to 
maternal telomere length at the time of delivery (Specific Aim 2.1); 2) to test the hypothesis that 
elevated maternal stress during pregnancy would be associated with shorter maternal and 
newborn telomere length in samples collected at delivery (Specific Aim 2.2); and 3) to test the 
hypothesis that elevated maternal stress during the child’s early life would be associated with 
greater telomere erosion between birth and age 9 years (Specific Aim 2.3).   
In Chapter 6, we present results examining telomere length measured in maternal and newborn 
samples collected at the time of birth in relation to measures of objective and perceptive stress 
and emotional distress. As hypothesized, we detected high variability in rLTL measured in cord 
blood samples collected from newborns (aGM±GSE:1.83±1.04, range: 0.3 to 5.1). Consistent 
with our hypotheses, we found that higher maternal perceived stress was associated (marginally 
statistically significant) with shorter cord blood rLTL and that this association was not affected 
by adjusting for maternal rLTL. However, contrary to our hypothesis, we did not detect 
associations between maternal perceived stress and maternal rLTL, or between material hardship 
or maternal demoralization and newborn or maternal rLTL. These findings suggest maternal 
stress perception may affect telomere dynamics in the developing fetus, and that this may occur 
via indirect transmission (i.e. relating to conditions of the in-utero environment) rather than 




In addition to the n=141 cord and maternal blood samples presented in Chapter 6, we analyzed 
rLTL in an additional n=113 cord blood samples and n=85 maternal sample. These participants 
were excluded from the analyses conducted in Chapter 6 due to missing measures of stress. The 
purpose of analyzing these samples was to increase the sample size for analyses examining 
change in rLTL over time. In addition to samples collected at delivery, we measured rLTL in 
samples from children collected at ages 2- or 3-years (n=254), 5-years (n=205), 7-years (n=189), 
and 9-years (n=202), resulting in a total of 1330 samples collected from 225 maternal-child pairs. 
All samples were analyzed by MMqPCR as described in Chapter 6. Repeatedly collected 
samples within a maternal-child pair were run on the same plate (n=58 plates total), however, 
maternal-child pairs were not plated in chronological order by date of study enrollment. We 
aimed to examine changes in rLTL within a child over time and differences in telomere attrition 
between children in relation to measures of stressful conditions (material hardship), maternal 
perceived stress, and maternal emotional distress (demoralization). In turn, these conditions may 
create a more stressful living environment for the child, for example, through reduced parental 
responsiveness (Bradley et al. 2001) (Specific Aim 2.3). Given the multi-year enrollment design 
of the CCCEH Mothers and Newborns cohort (children were born between 1998-2006), samples 
were stored between 1 (last included 9-year old sample collected in June 2015) and 18 (first 
included cord blood sample collected in April 1998) years. As described in the following 
paragraphs, we were unable to fully complete Specific Aim 2 (and also Specific Aim 3, 
discussed later), due to the observation of a non-linear change in rLTL by date of sample 





Figure 1. Relative LTL by years since study start (0 = 1998, 17 = 2014).  
 
Figure 1 shows that in general, rLTL in postnatal samples (primarily between ages 3-5 years) 
collected in years 5-7 of the study (2003-2005) is lower compared to postnatal samples collected 




Figure 2. Relative LTL by child age between birth and 9-years.  
 
Figure 2 shows that regardless of sample collection date, we observed the steepest decline in 
rLTL between birth and ages 2- to 3-years (as expected), however, at approximately age 5-years 
(60 months), we observed an average increase in rLTL with age. Between the ages of 2-years (or 
3-years if age 2 was missing) and 9-years (or age 7 if 9 years was missing), rLTL increased by 





Figure 3. Relative LTL between birth and 9 years, stratified by year of birth.   
 
Figure 3. shows that the trajectory of rLTL change over time varied to a large degree by the 
child’s year of birth. We do not have reason to believe any major changes in New York City 
occurred over the enrollment period that would result in this pattern of rLTL change, suggesting 
that the pattern may relate to non-random variation attributable to laboratory conditions, 
however, blood processing and DNA extraction protocols and procedures remained unchanged 









The majority of cross-sectional research examining telomere length at various ages indicates 
telomeres shorten across the lifespan (Aubert and Lansdorp 2008). Likewise, the small number 
of longitudinal studies that have examined within-person change over time indicate that, on 
average, telomeres erode with age (Muezzinler et al. 2013). However, consistent with our results, 
the majority of longitudinal studies have observed telomere elongation among a subset of 
individuals. For example, a review of 10 studies with repeated measures of telomere length in 
adults, found lengthening occurred in 0-50% of subjects (Bateson and Nettle 2017). Likewise, 
one of three studies that has examined telomere change during childhood found that length 
increased by more than 15% between the ages of 5 and 10 years in 16% of children (Shalev et al. 
2013). In the second study to examine change in children, Wojcicki et al. measured telomere 
length twice over a one year period (age 4 to 5 years) among 77 healthy Latino children (n=153 
observations) recruited from two San Francisco hospitals. Using a cut-point of 10% to define a 
‘change’ in telomere length between baseline and follow-up, the researchers found that 66% of 
children showed telomere maintenance (no change), while 31% demonstrated lengthening and 
only 3% showed shortening. Using a 5% cut point, the percent of children with shortening 
increased to 16% (Wojcicki et al. 2016). The third study to examine these relationships in 






In our sample, we observed that children with the longest baseline rLTLs had the greatest erosion 
between birth and age 2- or 3-years and the steepest increase through age 9 years (Figure 4).  
 
Figure 4. Change in rLTL between birth and 9-years, stratified by quartile of rLTL at birth. 
Curves fit using local smoothing (LOESS) with an 80% data span.  
 
This finding is consistent with the results of research conducted in children (Shalev et al. 2012) 
and adults (Epel et al. 2008; Farzaneh-Far et al. 2010; Puterman et al. 2015) indicating that 
shorter telomere length at baseline predicts greater lengthening at follow-up and vice versa. To 
investigate whether this pattern reflects regression to the mean versus a true biological 
relationship, Verhulst et al. performed simulation modeling to estimate plausible changes using 




for regression to the mean using the approach outlined by Berry (Berry et al. 1984), the authors 
concluded that a modest, but statistically significant effect between longer baseline telomere 
length and greater attrition remains. This finding suggests that the dependency of attrition on 
baseline length reflects a true biological phenomenon, but that the magnitude of this effect is 
likely inflated. These findings highlight the importance of assessing and adjusting for potential 
‘regression to the mean’ when examining repeated telomere measures.   
 
It is currently debated whether telomere lengthening detected by observational epidemiology 
studies reflects true biological change or error introduced by imprecision of telomere 
measurement assays (Bateson and Nettle 2017; Nussey et al. 2014; Steenstrup et al. 2013; 
Verhulst et al. 2015). Recently, Bateson et al. investigated this question by fitting empirical data 
to several scenarios modeled assuming varying degrees of measurement error in combination 
with varying degrees of true lengthening. They found that the empirical data fit several scenarios 
that allowed for true lengthening equally well or better than scenarios that assumed only 
measurement error. The authors concluded that while measurement error likely contributes to 
apparent telomere lengthening, a biological basis for true lengthening should not be ruled out 
(Bateson and Nettle 2017).  
 
Experimental and observational evidence supporting a biological basis of telomere lengthening 
stems from observations that average telomere length within an individual oscillates over 
relatively short periods (i.e. 6 months) of time in response to natural environmental (i.e. season) 
and modifiable lifestyle (i.e. dietary intervention) changes. These oscillations are likely due to a 
combination of telomerase upregulation and shifts in the distribution of leukocyte cell types. For 




properties, upregulates telomerase activity in endothelial progenitor cells (Wang et al. 2011) and 
that aspirin, an anti-inflammatory drug, upregulate telomerase in mesenchymal stem cells (Chen 
et al. 2014). In humans, statins, which have anti-inflammatory properties, have also been shown 
to promote telomerase activity (Janic et al. 2016). Further, among a sample of overweight and 
obese adolescents, telomere length was found to significantly increase in 88% of individuals 
following participation in an intensive ‘healthy lifestyle’ intervention program (Garcia-Calzon et 
al. 2014); similar results have been observed in adults (Carulli et al. 2016). 
 
Similarly, in a population-based observational study of 581 adults living in Costa Rica, Rehkopf 
et al. showed that telomere length fluctuated with season, such that shortening occurred in the 
wet season (when infections are most common) and lengthening occurred during the dry season 
(Rehkopf et al. 2014). During an immune response, circulating T cells, which have been shown 
to express low levels of telomerase (Yang et al. 2008), undergo clonal expansion, resulting in 
shortened telomeres among the new cells. Eventually, the majority of these cells undergo 
apoptosis and are cleared from the body (Akbar et al. 1993), however, because most telomere 
assays provide a measure of average leukocyte telomere length across all chromosomes from all 
cells, blood collected during an infection may reflect the increased number of T cells with 
reduced telomere length as a result of recent cell division. Unsurprisingly, this pattern is 
complicated by research demonstrating that memory T cell telomere shortening varies by antigen 
(Akbar et al. 2004) and that in some cell populations, infections may upregulate telomerase, 
resulting in an increase rather than a decrease in telomere length (Hathcock et al. 2003; Maini et 





Collectively, these findings suggest that, depending on the magnitude and timing of an 
oscillation (i.e. increase or decrease in telomere length) relative to an individual’s overall 
trajectory, telomere length within an individual may appear to increase over time. Importantly, it 
is unknown whether more permanent changes in telomerase expression can occur, or what 
circumstances would promote this type of change. Further, in addition to acute, infection-
triggered shifts, the distribution of leukocyte cell types is known to change with age (see Table 
1) and possibly in response to other conditions (i.e. diet (Babio et al. 2013) and medication (Li et 
al. 2017)). Therefore, it is possible that atypical (increasing or fluctuating) changes in telomere 
length over time could reflect a shift in the distribution of cell types. 










Birth 9-30 41-81 26-36 0.4-3.1 
1-3 years 6-17 15-45 44-74 
 3-5 years 6-16 25-57 35-65 0-0.8 
6-10 years 5-13 38-68 25-54 




Few large studies have examined changes in leukocyte sub-populations over age and studies are 
especially limited in young children, potentially due to challenges associated with obtaining 
enough whole blood to allow for separation of cell types. In one cross-sectional study that 
examined neurotrophil and T lymphocyte telomeres among individuals between the ages of 10 
and 31 years, telomeres were significantly longer in T cells compared to neutrophils at all ages 
(Robertson et al. 2000). In a similar study that examined cell-specific changes between birth and 
age 90 years (n=436), telomeres in both granulocytes and T cells shortened rapidly during early 




1999). The difference in attrition between memory and naïve T cells has recently been replicated 
in three large cohort studies (Chen et al. 2017). However, other studies have detected no 
association between telomere length and cell type (Mollica et al. 2009). A large study capable of 
investigating cell-specific changes in telomere length, ideally within individuals over time, is 
needed to more fully understand whether observed telomere lengthening is an artifact of 
measurement error or a true biological phenomenon related to cell distribution. However, as 
described below, researchers planning to conduct longitudinal research on telomeres should 
carefully consider the potential impacts of storage time and other conditions (i.e. temperature, 
form of sample).  
In our samples, we found an unusual pattern whereby average telomere length declined rapidly 
during the first years of life, after which length gradually increased with age. Given that samples 
collected from children at older ages were also collected most recently, it is possible that the 
observed increase relates to the shorter storage time of samples collected at older ages; however, 
because of collinearity in age and storage time, we are not able to statistically adjust for this 
variable. While research indicates that short-term (i.e. 6 month) storage time does not impact 
telomere length measured by qPCR (Dagnall et al. 2017), we are not aware of studies that have 
investigated longer-term storage. Conversely, research examining the impact of other pre-
analytic variables on telomere length assays indicates that the method of DNA isolation is an 
important factor (Cunningham et al. 2013, Raschenberger et al. 2016). In our study, DNA was 
isolated following the same standard phenol-chloroform protocol across all years, however, the 
timing of DNA extraction varied, with some samples stored primarily as buffy coat at -70C and 
other samples stored primarily as isolated DNA at -20C. For a subset of samples (46%, all 




date of DNA isolation for the remaining 54% of samples is not available, however, it is likely 
that more recently collected samples were also more recently extracted. To investigate the 
potential influence of extraction timing and DNA storage conditions, we examined differences in 
rLTL among samples for which DNA was isolated at the time of telomere analysis compared to 
all other samples. As illustrated by Figure 5, we observed that samples extracted most proximate 
to the time of telomere analysis had telomere lengths at the top of each age-specific distribution 
between the ages of 3 and 9 years. This finding suggests that storage conditions (i.e. stored as 
buffy coat versus isolated DNA) may impact telomere length measurement by qPCR.   
 





To further investigate this issue, we designed several additional experiments that we aim to 
complete using archived samples collected from the same cohort of mothers and children, as well 
as from a second cohort of their younger siblings. The research questions and corresponding 
approaches include:  
1. Research question: Does storage as buffy coat versus isolated DNA impact cord 
telomere length? To investigate this question, we will analyze rLTL in split cord blood 
samples collected from the same child that have been stored as both buffy coat and 
isolated DNA for 16 to 17 years (n=98 samples from 48 children).  
2. Research question: Does storage as buffy coat versus isolated DNA impact child 
telomere length? To investigate this question, we will analyze rLTL in samples collected 
from children repeatedly at ages 9 and 11 years and stored between 8 and 10 years as 
buffy coat or isolated DNA, respectively (n=72 samples from 36 children).  
3. Research question: Does storage time as isolated DNA impact child telomere length? To 
investigate this question, we will analyze samples from 3-year old children who were 
enrolled at either end of the cohort, such that samples were stored for 10 years or 16 
years. The exact date of DNA isolation is unknown, however, any child for whom 3-year 
DNA was isolated at the time of telomere analysis was excluded (n=72 samples from 72 
children).  
4. Research question: Is the trend of increasing telomere length that we previously 
observed also observed in more recently collected samples from similarly aged children? 
To investigate this question, we will analyze rLTL in cord blood, age 3-year, 5-year, 7-




Hermanos Birth Cohort. The oldest child enrolled in this cohort was born in 2008 (n=96 
samples from 29 children).  
Additionally, if we again observe a trend of increasing telomere length, despite shorter storage 
time, in samples collected by the Sibling-Hermanos birth cohort, a next step will be to consider 
options for statistically accounting for measurement error. For example, Bateson et al. recently 
developed a computational model of telomere dynamics available in the R statistical software, 
that enables researchers to estimate the percent of individuals in an empirical dataset predicted to 
have telomere lengthening under varying assumptions about 1) measurement error and 2) true 
change in telomere length (Bateson and Nettle 2017). These estimates can then potentially be 
used to correct for non-random measurement error related to assay or pre-analytical conditions. 
Ultimately, while we generally observe variation in the rate of telomere erosion between 
children, given these pending research questions, we are unable to draw concrete conclusions 






CHALLENGES FACED IN COMPLETING AIM 3: TELOMERE DYNAMICS AS AN INDICATOR 
OF SUSCEPTIBILITY TO NEUROTOXICANT EXPOSURE 
 
The overarching goal of this dissertation was to determine if early life telomere dynamics can 
serve as an indicator of susceptibility to the adverse effects of concurrent or subsequent 
neurotoxicant exposure. We hypothesized that the effect of PBDEs on memory outcomes would 
be greatest among children experiencing the greatest early life stress, indicated by the shortest 
baseline telomere lengths and greatest erosion during childhood (Specific Aim 3.1).  
 
As summarized by the results of Aim 1.1, we found that one of the largest determinants of 
plasma PBDE concentration was date of birth, likely attributable to the phase-out of pentaBDE 
from U.S. commerce in 2004. As illustrated by Figure 3 (above), date of birth also predicted 
change in rLTL over time, likely attributable to a currently unknown source of measurement 
error relating to storage time, storage conditions, or another unidentified variable. Furthermore, 
we found that for the majority of children, PBDE concentrations peaked during toddler years 
(Chapter 3), which corresponds with the age we would expect the rate of rLTL erosion to begin 
slowing. Given this pattern, as well as the shared variability attributable to time (i.e. date), we 
were unable to statistically investigate interactions between PBDE concentrations and rLTL, and 






OVERALL IMPLICATIONS OF THIS WORK AND DIRECTIONS FOR FUTURE WORK 
Over the past 40 years, we’ve seen U.S. state regulations transition from essentially mandating 
the use of flame retardant chemicals to prohibiting them. This shift was driven by decades of 
research indicating that organohalogenated chemicals, the most common class of flame retardant 
that has been used in the United States, are persistent in the environment, capable of long-range 
transport, and toxic to wildlife and humans (Law et al 2012). Indeed, in the present work we 
detected PBDE flame retardants in 100% of child samples and found significant associations 
between higher exposure and both dysregulated thyroid hormone homeostasis and impaired 
memory functioning in children. Ostensibly, flame retardants are used as a means of preventing 
fires and protecting human health. However, putting these goals in the context of risks to the 
environment and to children raises questions about the costs and benefits of using synthetic 
chemicals in everyday consumer products. Exposure to PBDEs is likely modifiable through 
washing hands, toys and other objects, limiting hand to mouth behaviors (nail biting, cigarette 
smoking, thumb sucking) and regularly cleaning the home using water-based methods. A large-
scale intervention study may be useful in identifying what behavioral modifications for reducing 
exposure are most effective. Notably, research on human behavior suggests that providing people 
with accurate information does not consistently change perceptions about truth or lead to 
changed behaviors (Mercier H and Sperber D). Appealing to human emotions has been shown to 
be more effective in changing behavior, however, within the context of environmental health, 
this runs the risk of raising alarm and creating panic. If we as public health professionals truly 
hope to reduce exposure, perhaps a future direction will be a shift towards ‘behavioral 
environmental health’ approaches whereby knowledge of human behavior and decision making 





We found that plasma PBDE concentrations have been decreasing among children over the past 
decade, likely as a result of their phase-out in 2004. However, despite legislative amendments 
that allow furniture manufacturers to pass fire safety tests without the use of added chemicals 
(Cal-117 2013), evidence suggests that companies continue to add an ever-expanding cadre of 
chemical flame retardants to products manufactured in the United States (Stapleton et al. 2012). 
Future research in this area will involve understanding the sources, exposure pathways and 
health effects associated with these replacement flame retardants.   
 
The recent development of high throughput assays for measuring telomere length has led to an 
explosion of experimental and observational research across numerous disciplines (i.e. aging, 
psychology, epidemiology) investigating both the causes and consequences of telomere change 
across the lifecourse. The rapid publication of research has spawned debate and disagreement 
among scientists in the field over aspects of study design (i.e. should we measure telomere length 
in buccal cells or leukocytes?), approach (i.e. are results generated via southern blotting and 
qPCR equally good?), and interpretation (i.e. is apparent telomere elongation a true biological 
phenomenon or an artifact of measurement error?). A review of discussion sections from recently 
published manuscripts spanning the telomere field quickly conveys a common theme: the call for 
a large, prospective study examining telomere length analyzed by multiple techniques in samples 
collected repeatedly within individuals over a long period of time, with measurement ideally 
beginning at birth. Additionally, there is a general consensus that standardized references need to 





The National Institutes of Health (NIH) recently convened a group of leading scientists to 
discuss whether telomeres can be used as “sentinels for environmental exposures, psychosocial 
stress and disease susceptibility.” Reflecting on the early days of epigenetics, a senior scientist in 
the room (Colter Mitchell, PhD), offered that “developing a new biomarker always involves a 
lengthy scientific process, starting with initial excitement about the method, then disillusionment 
as challenges are realized, and then solid methods emerge.” It seems the field of telomere science 
has entered the second stage of this process, with members of the scientific meeting generally 
concluding that many questions remain about how to precisely and reliably measure telomere 
length. It is our hope that the challenges we faced relating to analysis of archived samples, as 
well as the additional experiments we aim to complete, will contribute insight into some of the 
outstanding issues currently being grappled with by the field.  
 
With regard to stress, the question of whether telomere dynamics can serve as a marker of 
cellular ‘wear and tear’ remains unanswered. As summarized by this dissertation, numerous 
studies have identified associations between various metrics of psychosocial stress (i.e. adversity, 
negative life events, trauma), stress correlates (i.e. socioeconomic hardship), and psychological 
state (primarily depression) with shorter age-adjusted telomere length. However, the vast 
majority of these studies are constrained by the same two methodological limitations: small 
sample sizes (typically n<100) and retrospective reporting of childhood experiences during 
adulthood. There is general consensus that telomere length during childhood is one of the most 
important determinants of telomere length in adults, thus emphasizing the importance of 
accurately measuring stressors as they occur during early life. We attempted to address these 




from a prospectively followed cohort. Of the three predictors (material hardship, demoralization, 
perceived stress) we studied, only perceived stress, which was measured 6-months following the 
child’s birth rather than during pregnancy, was marginally associated with newborn telomere 
length. While perceived stress was moderately to highly correlated within mothers across time, 
this problem of temporality suggests our findings should be interpreted with caution.  
 
There is a trend in environmental health discourse towards a definition of environment that 
includes not only the chemical and physical aspects of our ambient surroundings, but also the 
stressors and social relationships experienced across life. This dissertation sought to contribute to 
this evolving discourse by testing whether telomeres can be used as a biological indicator of 
cellular ‘wear and tear’ in observational research investigating interactions between chemical 
and non-chemical stressors. While we were ultimately unable to answer this question, the 
research presented here expands our understanding of 1) exposure pathways, body burdens and 
neuroendocrine effects associated with PBDE flame retardants, 2) suggests telomeres may be 
sensitive to maternal stress during pregnancy and 3) provides insights on potential pitfalls of 
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APPENDIX: PROTOCOL FOR RELATIVE TELOMERE LENGTH MEASUREMENT  
This MMqPCR protocol was optimized between January-October 2016. It was adapted from the 
method developed by Cawthon 2009 and modified by Pavanello 2011. The assay provides a 
measure of relative telomere length (rLTL) in genomic DNA by determining the ratio of 
telomere repeat copy number (T) to single copy gene (S) copy number (T/S ratio) in 
experimental samples relative to a reference sample. We use albumin as the single copy gene. In 
multiplexing, the telomere (telc/telg) and albumin (albd/albu) primers are combined in the same 
reaction mix.  
 
Instrument: BioRad CFX96 Thermal Cycler 
 
Primers 
telc: 5′-TGT TAG GTA TCC CTA TCC CTA TCC CTA TCC CTA TCC CTA ACA-3′ 




Multiplex PCR Mix µl Final conc  
iQ SYBR Green 
Supermix 
12.5 1x BioRad 
40 µM telg  0.375 600 nM Life Technologies, purity by desalt 
40 µM telc  0.375 600 nM Life Technologies, purity by desalt 
40 µM albu  0.15625 250 nM Life Technologies, purity by desalt 
40 µM albd 0.15625 250 nM Life Technologies, purity by desalt 
H20 6.4375   
DNA (2 ng/µl) 5    
Total 20   
    
Plates: BioRad white hard-shell thin-wall skirted plates for higher fluorescent signals 
 
Thermal cycling profile: 
Stage 1 Stage 2: 2 cycles Stage 3: 32 cycles 
3 min at 95 °C 15 sec at 94 °C 15 sec at 94 °C 
 15 sec at 49 °C 10 sec at 62 °C 
  10 sec at 74 °C with telomere signal acquisition 
  10 sec at 84 °C 
  10 sec at 88 °C with albumin signal acquisition 












Each 96-well plate included (all in triplicate):  
• 24 experimental samples  
• No template control (NTC) 
• Positive control (cc2) 
• 6-point standard curve (S1-S6) generated from serially diluted DNA (S1: 150 ng/well, 
S2: 50 ng/well, S3: 16.7 ng/well, S4 5.55 ng/well, S5 1.85 ng/well, S6: 0.62 ng/well). 
Two standard curves are generated for each plate, one for the telomere signal and one for 
the albumin signal.  
 
1 1 1 NTC NTC NTC 9 9 9 17 17 17 
2 2 2 S1 S1 S1 10 10 10 18 18 18 
3 3 3 S2 S2 S2 11 11 11 19 19 19 
4 4 4 S3 S3 S3 12 12 12 20 20 20 
5 5 5 S4 S4 S4 13 13 13 21 21 21 
6 6 6 S5 S5 S5 14 14 14 22 22 22 
7 7 7 S6 S6 S6 15 15 15 23 23 23 
8 8 8 cc2 cc2 cc2 16 16 16 24 24 24 
 
 
 
 
